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ABSTRACT
Mixed oxides of iron-tellurium and iron-tellurium-se- 
lenium have been prepared by hydrothermal crystallization, 
solid state thermal reaction and coprecipitation from 
aqueous solution. The oxides were tested as catalysts in 
oxidative dehydrogenation of 1-butene to 1,3-butadiene and 
selective oxidation of propylene to acrolein in the 
temperature range 370-400 °C and 270-310 °C, respectively. 
Optical and scanning electron microscopy, BET, mercury 
porosimetry, electron dispersive x-ray analysis, atomic 
absorption spectroscopy, X-ray diffraction, infrared 
spectroscopy and isotopic tracer techniques have revealed 
important aspects of these catalytic systems.
The mixed oxides synthesized by hydrothermal crystal­
lization were highly crystalline. Both activity and 
selectivity for 1-butene reaction were strongly dependent 
on the presence of gaseous oxygen and water. Sodium, 
incorporated in the catalyst during preparation, was also 
found to affect the catalytic properties. Grinding these 
catalysts in a ball mill has altered both the bulk 
structure and catalytic properties, while not significant­
ly affecting the surface area. The catalytic behaviour 
has been correlated mainly with the presence of Te-0 
groups, associated with an IR band at 769.3 cm- 1 . 1B02
and 1 6 0 2 exchange reactions have partly explained the 
catalytic behavior. The grinding operation was the key to
( x v i i i )
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modifying the selectivity of the hydrothermal catalysts.
The coprecipitated Fe-Te-Se-0 catalyst was active and 
selective for propylene oxidation to acrolein. The 
selenium has been found to be the hydrocarbon activating 
site. The activation energies for the acrolein and carbon 
dioxide formation are 17 Kcal/mol and 13 Kcal/mol 
respectively. Reactions carried out with isotopic trac­
ers, 18 O2 and C3 D6 , have shown lattice oxygen to be 
primarily responsible for the formation of both acrolein 
and carbon dioxide. The initial and rate determining step 
for the acrolein formation is hydrogen abstraction as 
determined by the isotope effects associated with the C3 D6 
reaction. No isotope effect is observed for carbon 
dioxide formation from C3 D6 .
The mixed oxides synthesized by solid state thermal 
reaction were found to be poor allylic oxidation 
catalysts. Both FeaTesOg and FeaTeOe phases exhibited 
poor catalytic behavior.
(x ix )
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I. INTRODUCTION
Heterogeneous catalytic processes account for about 80 % of the 
production of all chemicals [Grasselli and Burrington, 1981]. Major 
industrial processes include cracking, catalysis by transition metal 
complexes, reforming, hydrodesulfurizatlon and partial oxidation of 
hydrocarbons [Gates et al., 1979]. Partial oxidation of gaseous 
hydrocarbons over solid catalysts has been a subject of extensive 
industrial and academic research for many years [Satterfield, 1980; 
Krenzke and Keulks, 1980]. Examples of processes involving partial 
oxidation of hydrocarbons include oxidation of benzene to phthalic 
anhydride, xylene to maleic anhydride, oxidative dehydrogenation of 
olefins and conversion of propylene to acrolein, which is usually further 
converted to acrylic acid [Satterfield, 1980]. Oxidative processes also 
include ammonoxldatlon and dlmerlzation. The simplest of these 
oxidation processes may be represented stoichiometrically as
CH2=CH-CH3 + NHa + 3/2 02 --- > CH2CHCN + 3H20
(Ammonoxldatlon)
CH2=CH-CHa + O2  > CH2CHCHO + H2O (Oxidation)
CH2=CH-CH3 + IWO2  > CH2CHCO2H + H2O (Oxidation)
2CH2=CH-CH3 + V40a  > CH2=CH-CH2CH3CH=CH2 + H2O
(Dlmerlzation)
CH2=C H -C H 3 +  IWO2  > 3002 +  3H2O
(Deep Oxidation)
CH2=CH-CH2CH3 + WO2  > CH2=CH-CH=CH2 + H2O
(Oxydehydrogenation)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2
The most industrially significant and well studied reactions center 
around the formation of acrylonitrile from ammoxidation and acrolein 
from oxidation of propylene. The earliest catalyst investigated for 
ammoxidation and oxidation reactions were single metal oxides such as 
copper oxide [Voge and Adams, 1962]. Later, mixed metal oxides such as 
bismuth molybdates [Schuit et al., 1966] or uranium antimonates
[Grasselli et al., 1970] proved to be more versatile catalysts. It was in 
1970's that SOHIO introduced its multicomponent mixed metal oxide 
catalysts. These catalysts contained many additional components with a 
basic mixed oxide. The new generation of partial oxidation catalysts are 
highly complex multicomponent metal oxide catalysts commonly refered to 
as MCM catalysts.
Major concerns in the oxidation processes are the selectivity and the
stability of the catalysts, both of which are important factors in
evaluating the economics of the overall process. Higher selectivity 
results in greater yields of desired products while greater catalyst 
stability prolongs the on stream time thus preventing costly reactivation 
or replacement. Multicomponent oxide catalysts which are very sensitive 
to reduction or that undergo substantial reduction with the destruction 
of the oxide matrix cannot be used economically to catalyze selective 
oxidation reactions. An optimum catalyst would then be optimally
resistant to reduction.
A classical mechanism applicable to selective oxidation of olefins is 
the Mars-van Krevelen mechanism [1954]. According to this mechanism, 
the lattice oxide ions are the primary source of oxygen which are either 
incorporated in the olefin (e.g., acrolein formation) or act as hydrogen 
abstracting sites (e.g., butadiene formation). The gaseous oxygen, in
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most cases, merely serves to replenish the oxide ions removed from the 
lattice.
Binary and ternary catalytic systems often provide valuable clues to 
the behavior of the complex industrial oxidation catalysts. Such 
information then can be used in the design of new and improved 
catalysts. This Investigation focuses on two such catalytic systems, 
lron-tellurlum oxide (Fe-Te-O) and iron-tellurlum-selenium oxide 
(Fe-Te-Se-O) catalysts for the selective oxidation of propylene to 
acrolein and oxidative dehydrogenation of 1-butene to 1,3-butadiene.
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1-1 Executive Summary.
Shyr [1984] Initiated studies of Fe-Te mixed oxides as selective 
oxidation catalysts with the primary goal of determining the role of 
tellurium in the selective oxidation process. Fe-Te mixed oxides were 
chosen because of their simplicity compared to tri-metallic systems such 
as CdTeMo06 [Forzatti et al., 1978] and because both Te and Fe are 
observable via Mbssbauer spectroscopy.
Many catalyst formulation techniques were tried but only the solid 
state reaction of Fe(OH)x and TeCte at 400 *C resulted in catalysts which 
were both active and selective for propylene oxidation to acrolein and 
1-butene oxidation to 1,3-butadiene. Mbssbauer spectroscopy Indicated 
that Fe did not participate In the oxidation - reduction cycle; however, 
Te Mbssbauer spectroscopy was not successfully Investigated because of 
equipment failures. Iron tellurate (FezTeOe) and tellurium oxide (Te02> 
phases were present in these catalysts but no phases of iron oxide were 
found by x-ray diffraction. Fe2Te0 e was postulated to be the active 
phase with Te(+VI) acting as the hydrocarbon activation and oxygen 
insertion site. The chemical and structural properties of these catalysts 
were not well characterized, but It is known that the catalysts were 
multlphasic and not as simple as had been intended. Therefore our 
research efforts were directed toward the synthesis of single phasic 
materials which would be more amenable to fundamental studies.
The technique used by Shyr and Price [1984] for catalyst preparation 
(i.e. solid state reaction of Fe(OH)x and TeCte) was initially followed to 
prepare catalysts but with precise ratios of Fe and Te. This resulted in 
catalyst r  (1:1 Fe/Te ratio) and catalyst Q (1:2 Fe/Te ratio). These 
catalysts were tested for both propylene and butene oxidation capability
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in the 400-500 *C and 370-400 *C range, respectively. Catalyst r was 
active for propylene oxidation but had zero selectivity to acrolein while 
catalyst © was less active and also showed zero selectivity to acrolein. 
It was found that even though these catalysts were prepared following 
similar techniques used earlier, both these catalysts contained the 
Fe2Te3C>9 phase instead of the Fe2TeOs phase. Catalyst 0 was Inactive 
for butene oxidation while catalyst t was 60% selective to butadiene. 
This selectivity was attributed to the presence of Fe20a (determined by 
x-ray diffraction) in the catalyst and hence catalyst t was not 
considered to be suitable for further studies.
Bayer [1962] had prepared an Fe2TeC>6 phase by solid state reaction
of pressed pellets of Fe20a and Te02. Since we were interested in the
catalytic properties of this phase because of its presence in the Fe-Te 
oxides investigated by Shyr [1984], we synthesized catalyst 5 using this 
procedure to determine the catalytic properties of Fe2Te06. However, 
catalyst 5 also was poorly active and selective for both 1-butene and 
propylene oxidation.
Since solid-state thermal reaction techniques had not produced
catalysts suitable for olefin oxidation studies, we began experimentation 
with hydrothermal crystallization techniques. The aim was still to 
attempt the synthesis of single phasic Fe-Te mixed oxides which were 
suitable for selective oxidation studies. The important parameters in 
this process were considered to be Fe/Te ratio, reaction temperature, pH 
of reactant slurry and the time of reaction. We initially chose to 
synthesize mixed oxides with a 2:1 Fe/Te ratio because this is the ratio 
of Fe/Te in FeaTeOe, and used a highly alkaline reaction condition
because zeolites are synthesized under similar conditions. These
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conditions resulted in catl-gOO when refinements in crystallization time 
showed that a reaction time of 5-6 days was optimum for complete 
reaction. Further experimentation at lower pH yielded larger crystals of 
distinctly different morphology from catl-gOO. This material was 
designated cat2-g00 though x-ray diffraction has shown the crystal 
structure to be very similar to catl-gOO. Hydrothermal crystallization 
experiments with lower Fe/Te ratios, 1:1 and 1:2, produced two more
Fe-Te mixed oxides designated cat3-g00 and cat4-g00. These materials 
are structurally different from catl-gOO and cat2-g00 as determined by 
x-ray diffraction. Other crystallization conditions were tried such as 
higher Fe/Te ratios but these reclpies showed significant iron oxide 
components and were considered unsuitable for study.
Cat2-g00, was tested for propylene oxidation in the 400-500 *C 
range and was found to be active but non-selectlve to acrolein. Since 
crystals In cat2-g00 were relatively large and the material non-porous, 
it was perceived that perhaps grinding the catalyst would decrease the 
crystallite size thereby resulting in a greater contribution of these
crystallites to the overall surface area and perhaps effect an Increase in 
activity. However, there was no significant change in the surface area 
or activity to acrolein of the ground catalyst compared to cat2-g00. 
Cat3-g00 and cat4-g00 were poorly active for propylene oxidation.
Meanwhile, a paper by Grasselli et al. [1984] appeared in the
literature which reported Fe-Te and Fe-Te-Se oxide catalysts effective
for the ammoxldation of propylene to acrylonitrile. As our investigations 
were not yielding active and selective materials for olefin oxidation, we 
began to investigate these materials. Grasselli prepared these catalysts 
as supported materials using a coprecipitation technique. We followed
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similar procedures but eliminated the support. The Fe-Te-Se oxide 
(catalyst a) was found to be very selective for propylene oxidation to 
acrolein, while the Fe-Te oxide (catalyst p) was non-selectlve. This 
positive result led us to more thoroughly investigate the mechanism of 
the propylene reaction including isotope tracer techniques.
We returned to the study of catalysts prepared by hydrothermal 
crystallization. Cat2-g00 and cat2-g48 were tested for 1-butene 
oxidation in the range 370-400 *C, both in the presence and absence of 
gaseous oxygen. These catalysts were highly selective in the absence of 
gas phase oxygen, but, in the presence of gas phase oxygen, the 
selectivity was low. However, a considerable Increase in selectivity was 
noted for the ground catalyst. These observations led to further studies 
on the effect of grinding and, following Forzatti et al. [19781, the effect 
of steam was also determined. As the presence of gas phase oxygen had 
a strong effect on the selectivity, 1802/l6C>2 scrambling experiments were 
performed. Grinding effects on catl-gOO were noted to be different from 
the effects of grinding cat2-g00. EDAX and IR techniques were used to 
aid in the discrimination of the effects. Cat3-g00 and cat4-g00 were 
inactive for 1-butene oxidation in the temperature range investigated.
In summary, we have Investigated hydrothermal catalysts, catl-gOO 
and cat2-g00 primarily for butene oxidation capability as the propylene 
to acrolein reaction is essentially non-selective. For catl-gOO and 
cat2-g00 we have investigated the effects of grinding, gaseous water in 
reactants, and gas phase oxygen. Cat3-g00 and cat4-g00 have not been 
extensively studied as they have shown essentially no selective 
behavior.
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Catalysts a and p, prepared by coprecipitation following Grasselli et
al. [1984] were Investigated primarily for the propylene to acrolein
reaction as this reaction was selective over these materials, while 
b u t e n e  oxidation was not.
Catalysts t, 0 and 5 prepared by solid state thermal reaction have
all shown to be rather non-selectlve for oxidation of olefins and have
b e e n  mentioned only briefly to illustrate the catalytic properties of 
F e - T e  oxide having the Te in the +IV oxidation state.
1— 2  Literature Review.
1— 2.1 General.
Review of literature involving studies of single and mixed metal 
o x i d e s  that have been previously Investigated for selective oxidation of 
propylene and 1-butene has been categorized separately. First, oxides 
w h i c h  contain either molybdenum or bismuth are examined. Antimony 
containing selective oxidation catalysts are then reviewed. Finally, 
catalysts containing either iron or tellurium are reviewed.
1— 2.2 Molybdenum Based Allylic Oxidation Catalysts.
Oxide catalysts containing molybdenum as a major component are 
classified into this category. However, catalysts containing molybdenum 
a n d  either iron or tellurium are described in later sections.
I— 2.2.1 Molydenum Oxides.
Molybdenum oxide does not activate propylene but it does have the 
ability to insert oxygen into an allyl species [Haber et al., 1983]. 
S e v e r a l  studies have been aimed at understanding the role of Mo as an
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oxygen inserting element in oxidation catalysis by investigation of pure 
molydenum oxides [Haber et al., 1983; Burrington et al., 1980] using allyl 
compounds to generate allyl radicals.
Haber et al. [1983] reacted allyl iodide over MoCta and several 
tungsten oxides between 300-400 *C. Acrolein was produced over M 0O3 
and Wo02.n. These two oxides form crystallographic shear (CS) structures 
on reduction. CS is the transformation of a corner-linked into an 
edge-linked arrangement of Mo-0 octahedra. Such a transformation 
provides a facile route for the diffusion of oxygen in the lattice 
structure which aids in keeping the active sites on the catalyst surface 
in the highest oxidation state. Since WibOo, WO 2 and WOa which do not 
form the CS structure were inactive, it was concluded that the formation 
of a CS structure was necessary to have selective Mo and W oxides. The 
bismuth molybdates (described in the next section) also fall into this 
class of mixed oxides which form CS structures upon reduction.
Burrington et al. [1980] reacted allyl alcohol over molybdenum 
trioxide and proposed that following an initial n-allyl, a o-O-allyl 
intermediate was formed with a subsequent hydrogen abstraction to give 
acrolein.
I-2.2.2 Binary Molybdates.
Bismuth molybdates (Bi-Mo-O) were the earliest mixed oxides which 
were found to be very versatile catalysts for the oxidation of propylene 
to acrolein [Callahan et al., 1960] and oxidative dehydrogenation of 
1-butenes to 1,3 butadiene [Heavne and Furman, 1961]. These catalysts 
gave high selectivlties for acrolein or butadiene production even at high 
conversions (80-90%) and could also function to a considerable extent
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in the absence of gaseous oxygen. The activity was completely restored 
by reoxidation with gaseous oxygen. Extensive literature exists for 
information concerning the kinetics, mechanism of allylic oxidation and 
the nature of active phases in the Bi-Mo-0 system [Adams et al., 1964; 
Batist et al., 1965, 1966, 1967, 1968].
Adams et al. [1964] found that conversion-selectivity data over 










CO2 +  H20
At 460 *C the values for the ratios k3/ki and k2/ki were 0.10 and 0.25 
respectively. Additionally, Adams and Jennings [1963, 1964], using
deuterated propylene, suggested that the allylic Intermediate underwent a 
second hydrogen abstraction before incorporation of oxygen to give 
acrolein. The following scheme was proposed for the oxidation of 
3-di-propylene:
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CH2=CH-CH2D
2/ \ first abstraction




Since the deuterium atom is more difficult to remove than hydrogen, if a 
chance of removing a H atom is 1, then that of removing a D atom is z 
(where z = Kd/Kh = 0.5). Assigning values as shown, a theoretical 
distribution was calculated for the deuterium content of acrolein-di. 
The observed distribution agreed well with the calculated distribution. 
But (as will be described later) evidence contrary to this (i.e. oxygen is 
incorporated before abstraction of second H atom) has been obtained by 
several investigators over bismuth molybdate catalysts.
Sachtler and deBoer [1965] oxidized MC-labeled propylene over 
bismuth molybdate catalysts. The following reaction scheme was used to 
establish the formation of an allylic Intermediate:
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m C H 8= C H - C H 3
or + 02 ---- > <*»«CH2=CH-<*>m CHO
C H 2 = C H -M C H 3
<«)MCH2=CH2 + <*>“00 
C H 2 = m C H -C H 3  +  0 2  > C H 2 = m C H - C H 0
jhy
CH2=m CH2 + CO
Significant contributions to our understanding of the excellent 
catalytic properties of Bi-Mo oxides have been made by Schuit and 
coworkers [Batist et al., 1966, 1967, 1971; Matsuura and Schuit, 1971,
1972]. Batist et al. [1966] examined the dependence of the rate and
selectivity for oxidative dehydrogenation of 1-butene to butadiene on 
the composition of Bi203/MoOs mixed oxide catalysts. The rate was found 
to be optimal for Bi/Mo ratio of 1. The catalytic behavior was not
ascribed to the presence of any particular compound in the binary oxide 
system. The selectivity was mainly correlated with the occurrence of 
double bond isomerization which was considerably inhibited by high 
temperature pretreatment of the catalyst. The Bl3+ ions were proposed to 
enhance the dehydroxylation of the surface which resulted in an increase 
in the number of anion vacancy sites. The anion vacancies served to 
accept the allylic intermediate which was n-bonded to the Mo. The
following mechanism was proposed for the oxidation of 1-butene over 
bismuth molybdate catalyst:
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C«He +  O2"  +  [ ] — > C4H7-  +  OH-
Mo6+ +  C4H7-  — > [Mo=C4H71b+
lMo=C4H7l8* +  O2- ------ > Mo«+ +  [ 1 +  OH" +  C4H6
2 0 H - <----------> O2-  +  [] +  HzO
2Mo4+ +  2 [ ] +  O2 — > 2Mo8+ +  2 0 2“
where [ ] denotes an anion vacancy, [Mo=C4H7]0+ represents a n-allyl 
complex of Mo6+ and the allyl carbanion (C4H7“).
Trifiro et al. [1968J classified several molybdates depending upon the 
nature of the IR spectra. Oxides were divided into those with IR bands 
in the 940-970 cm-1 region, 900-930 cm-1 region and molybdates with no 
characteristic bands in the 900-1000 cm"1 region. Only molybdates with 
metal oxygen bonds with double bond characteristics (IR bands in 
940-970 cm-1) were active and selective for olefin oxidation.
The mechanism of the formation of carbon dioxide has not been 
thoroughly understood. The following reaction scheme was proposed by 
Gorshkov et al. [1968] for complete combustion of propylene over bismuth 
molybdate catalysts:





C H * = C H - C H O ----------------»• H C H O  +  C H 3- C H O
CH2=CH-CO*H
Three binary phases of the Bi-Mo oxide system which have been 
investigated In great detail by numerous workers include a-Bl2MoaOi2, 
B-BiaMoaOs and T-BUMoOe [Matsuura and Schuit, 1971, 1972; Keulks et al, 
1970, 1971). Although all these phases are selective olefin oxidation 
catalysts there are significant differences in their catalytic activity. 
These differences have been linked to the relative effectiveness of the 
redox process [Mars-van Krevelen, 1954] which in turn Is dependent upon 
the chemistry and structure of both the surface and the bulk of the 
catalyst.
Matsuura and Schuit [1971, 1972] concluded that there were two 
different sites on bismuth molybdate for the adsorption of hydrocarbons 
and other gases. These sites were termed A and B sites. Site A, which 
was considered an 0*~ associated with the Bi ion, adsorbed butadiene 
slowly but strongly. Site B, a anion vacancy on a Mo6+ ion surrounded 
by corner shared 0*~ ions, also adsorbed butadiene but the adsorption 
was fast and reversible. The configuration of the active sites was 
proposed as follows:
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O b (1) O b (2) M0O3 layer
O a B1203 layer
O b (3) Ob(4) M0O3 layer
Oa was associated with the A-site while both Ob(2) and Ob(3) were
associated with the B-site. The formation of the butadiene from butenes 
was proposed to occur by the following sequence. First, adsorption of 
butenes lead to formation of an allyl group with the H atom on Ob(1)
and an allyl group on Ob(2). This was followed by dissociation of a
second H atom to form a butadiene molecule which was weakly bonded to
Ob(2) and Ob(3). After this, either the weakly adsorbed butadiene 
desorbed as a product with the two H atoms migrating to Oa and 
desorbing as water, or the weakly adsorbed butadiene becomes strongly 
attached at Oa and undergoes further oxidation to form deep oxidation 
products. The reduced A sites were reoxidlxed by diffusion of lattice 
oxygen or by gas phase oxygen.
Presence of homogeneous gas phase reactions occuring during 
heterogeneous oxidation reactions was considered by Daniel and Keulks 
[1971]. Evidence was obtained for surface initiated homogeneous gas 
phase reaction in the post catalytic zone of the reactor. The following 
reaction scheme was proposed to account for the formation of propylene 
oxide and other oxygenated products:










CH2=CH-CHO < CH2=CH-CH200(H) (ads)
-H2O
homo.
C H 3- C H - C H 2V
where [0] represents lattice oxygen.
The mechanism of oxidation of propylene to acrolein over bismuth 
molybdate catalysts has been investigated by Keulks 11970] and Wragg 
11973] using l802 tracers. It has been demonstrated that gas phase
oxygen is incorporated into the lattice and the lattice oxygen in turn 
participates in the production of acrolein from propylene.
To determine the active oxygen species associated with the cation,
Otsubo et al. [1975] utilized le0 in the Bi202 and M 0O2 layer and showed
that the oxygen of the B1202 layer was incorporated into acrolein while 
the M 0O2 layer served as a site for reoxidatlon and incorporation of gas 
phase oxygen into the lattice. This work also indicates that oxygen 
diffuses from the M 0O2 layer to the Bi2C>2 layer.
Correlation between acid-base properties of Bi-Mo oxide catalysts 
and selectivity for the partial oxidation of 1-butene was studied by Ai 
and Ikawa [1975] in which the catalyst composition was varied by
addition of BI2O3 to M 0O3-P2O0 with P/Mo = 0«2. The adsorption of NH3
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and CO2 was used to measure the acidity and basicity of the catalysts. 
At high acidity, the selectivity to butadiene was low (15%) but as the 
acidity was decreased (or basicity increased) the selectivity increased to 
a maximum of about 45% at Bi/(Bi+Mo) ratio of 0-7. A further increase 
in basicity resulted in a drop in selectivity and almost reached the 
original value at Bi/(Bi+Mo) = 1-0.
Keulks et al. [1978, 1980] have further studied the kinetics of 
propylene oxidation over bismuth molybdate catalysts in the temperature 
range 350-450 *C. First-order / zero-order kinetics for propylene / 
oxygen, respectively, with an activation energy of 15-18 Kcal/mol was 
observed during oxidation of propylene over a- and ^-phases at 
temperatures greater than 400 *C. However both the reaction orders and 
activation energy changed as the temperature was lowered (< 400 *C). 
The reaction orders became zero or partial order In propylene and partial 
order in oxygen pressure while the activation energy increased to 43-53 
Kcal/mol. The break in the activation energy curve at 400 *C was
attributed to a change in the rate determining step at 400 *C from 
abstraction of allylic hydrogen at high temperature (> 400 *C) to
reoxidatlon of the catalyst at lower temperature.
Krenzke and Keulks [1980] also studied the mechanism of propylene 
oxidation over Bi2Mo30i2, BhMoOe and Bi3FeMo20i2, using oxygen-18 and 
deuterated propylene tracers. Acrolein was found to be formed 
exclusively via the redox mechanism over the molybdate catalysts. 
Numerous sublayers of lattice oxygen were involved in the reaction. 
Carbon dioxide was formed by the consecutive oxidation of acrolein over
BhtMoaOu and T-Bi2MoOe and by consecutive parallel pathways over
BisFeMo20i2. The rate limiting step for acrolein formation was the
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abstraction of an allylic hydrogen from the propylene.
Brazdll et al. [1980] investigated the redox properties of the a-, p-, 
T-phases and BiaFeMo20i2 using the pulse reaction technique. Reduction 
of these catalysts resulted in deactivation and a lower rate of lattice 
oxygen participation. The authors argued that the reduced sites could 
not be easily regenerated by lattice oxygen under anaerobic conditions. 
The a and p phases lost their activity initially but regained part of it 
by the fourth or fifth pulse. Reoxidation completely restored the initial 
state of the catalyst for all catalysts except the p-phase.
Matsuura and Hirakama [1980] studied Bi2MoOe(T), Bl2Mo209(P) and 
Bi2Mo309(a) phases for 1-butene dehydrogenation to 1,3 butadiene. Pure 
t was found to be almost inactive, a was only moderately active, p and 
all mixtures of a and t showed considerable and approximately equal 
activity. In the latter cases, XPS measurements indicated that the 
surface had a similar Bi/Mo ratio as the bulk. The catalytic activity 
seemed to be connected with a surface layer with a Bi/Mo ratio near 1. 
Adsorption studies showed B-type adsorption (weak olefin adsorption) on 
inactive catalyst t. A-type adsorption (strong butadiene adsorption) 
becomes obserable when a considerable excess of M0O3 is introduced. 
The amount adsorbed increased linearly with increase in catalytic 
activity.
Uda et al. [1980] examined in detail the redox properties of 
Bi2MoOe(T). Both Bi° and M 0O 2 were formed on the catalyst surface when 
the catalyst was reduced by propylene. The Bi metal was proposed to be 
reoxidized and reincorporated into the catalyst bulk at the reoxidation 
conditions. Further evidence for formation of metallic bismuth was also 
obtained by Auger electron spectroscopy. Mo6* was reduced to its lower
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valence state Mo4*. During low temperature oxidation the authors 
proposed reoxidation of Bi° to Bi", where 0< m < 3 and Mo4* to Mo6*. 
However at high temperature, complete reoxidation of Bi° to Bi3* was 
achieved.
Keulks and Monnler [1981] using isotopic tracers determined that 
selective oxidation over p-BlzMozOg occurred via a redox mechanism 
through involvement of numerous sub-layers of lattice oxygen. COz was 
produced from both consecutive oxidation of acrolein and oxidation of a 
hydrocarbon residue which was assumed to be present on the surface of 
the catalyst at steady state conditions. The former pathway 
predominated at low temperatures while the latter pathway contributed 
significantly to COz formation at higher temperatures. However both 
pathways utilized only lattice oxygen.
Grasselli ot al. [1983] examined the catalytic behavior and solid 
state structural aspects of some doped scheellte molybdate catalyst 
systems wherein Bi and cation vacancies in a PbMoO< host were 
independently varied. Catalysts which contained cation vacancies but no 
Bi were inactive indicating that Bi was necessary for hydrogen 
abstraction and subsequent formation of allylic intermediates from 
propylene. However, the overall activity of the catalysts did increase 
with increasing cation vacancies. From the analylsis of the vibrational 
spectra of the catalysts it was discerned that cation vacancies resulted 
in formation of higher order Mo-0 bonds making lattice oxygen available 
for partial oxidation. Mo-0 bonds with double bond character are often 
postulated to be involved in the active centers of molybdate catalysts.
Trlflro et al. [1976] examined the effect of oxygen pressure in the 
catalytic oxidation of 1-butene over poorly active molybdate catalysts
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(MnMoOi, p-FeMoO*, a-CoMo04 and CdMo04). The oxygen partial pressure 
was varied from 1-20%. Strong modifications in selectivity were 
observed by this variation of oxygen pressure. The selectivity to 
butadiene and butene isomers was greater at lower partial pressure of 
oxygen while the conversion of 1-butene was not significantly affected. 
Increasing oxygen partial pressure resulted in an Increase in CO2, and a 
decrease in isomer and dlene formation. The data was explained by 
hypothesis of an adsorbed form of oxygen. High coverage and/or 
dissociative adsorption of oxygen accounted for greater production of CO 
or CO2 while lattice oxygen contributed to the formation of both 
butadiene and CO2.
1-2.2.3 Ternary Molybdates.
Multicomponent bismuth molybdate catalysts are generally found to 
be more active and selective than the binary oxides described above. 
Several investigators [Daniel and Keulks, 1973; Batist et al., 1971; 
Sleight and Jeitschko, 1974) have studied the Fe-Bi-Mo oxide system for 
allylic oxidation of olefins.
Daniel and Keulks [1973] found that Bi-Fe-Mo oxide catalysts 
exhibited higher activity than Bi-Mo oxides at the same selectivity 
level. Mechanistically, the catalysts resembled bismuth molybdate in 
their ability to form an allylic species. However in contrast to Bi-Mo 
oxides, the Fe-Bi-Mo oxide catalysts were found to maintain their 
activity and selectivity for acrolein formation under highly reducing 
conditions.
The properties of the Bi-Fe-Mo oxide system were studied over the 
composition range from a-bismuth molbydate to ferric molybdate [Batist
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et al., 1971]. The mixed oxides were found to be more active than
expected for a mixture of a-bismuth molybdate and ferric molybdate. An 
unidentified compound, "compound X", was proposed as the active phase. 
Sleight and Jeitschko [1974] later identified a formation of ternary
compound Bi3(Fe04)(Mo04>2 with X-ray pattern similar to "compound X".
Ueda et al. [1981] investigated M-Bi-Mo (M=Ni, Co, Mg, Mn, Ca, Sr, 
Ba and Pb) oxide system for propylene oxidation to acrolein using 1802 
tracers. Lattice oxygen participation was prominent in every catalyst 
but the extent of participation varied significantly depending on the 
structure of the catalyst. For catalysts where M (M=Ni, Co, Mg, Mn) has 
a smaller radius than Bi3\ only the oxide ions in the bismuth molybdate 
phase were incorporated in the oxidized products. Where M (M=Ca, Sr, 
Ba, Pb) has a comparable ionic radius to Bi3+, the oxide ions in the 
whole active particles were involved in the oxidation of the propylene. 
In the former case, the catalyst particles were proposed to consist of a
core of MM0O4 surrounded by a shell of bismuth molybdate.
1-2.3 Antimony Based Allylic Oxidation Catalysts.
Oxide catalysts containing antimony as a major component are 
classified under this category except for catalysts containing either iron 
or tellurium which are described in later sections.
1-2.3.1 Antimony Oxides.
Catalytic properties of pure antimony oxides have been reviewed by 
Centl and Trifiro [1986]. For pure antimony oxides, antimony is active 
in selective oxidation only in its higher oxidation state (Sb(V)). 
However, for the oxidative dehydrogenation of 1-butene to 1,3-butadi- 
ene, pure antimony oxides are irreversibly reduced and cannot be
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reoxidized by gas phase oxygen. Thus catalysts containing Sb(V) are 
usually mixed with oxides of other elements such as uranium [Grasselli 
et al., 1970] or tin [Berry, 1981].
I-2.3.2 Mixed Antimonates.
Sn-Sb oxides for the oxidation of propylene to acrolein as well as 
for the oxidative dehydrogenation of butenes to 1,3-butadiene have been 
patented by Bethell and Hadley [1963]. A recent review by Berry [1981] 
has dealt with the analysis of this system.
Results of some early studies for Sn-Sb oxide catalysts [Godin et al., 
1971] using l-13C-labeled propylene were Interpreted in terms of an 
oxidation mechanism involving a n-allyl species in a scheme similar to 
that proposed by Batist et al. [1967] for bismuth molybdate catalysts.
CaHe + A.V. + 02“  > CaHiT + OH“
Sb°+ + CaHtT > C3Ho..Sb<+
C3Ho..Sb«* + + O2" ------ > C3H40 + Sb3+ + OH" + 2e" + 2A.V.
2 0 H - -------- > O2- + A.V. +  HsO
Sb3+ + l/2 0 a  + A.V. — > SbBt + O2"
l/2 0 a  + 2e- +  A . V .  > O2"
where A.V. represents an anion vacancy.
Gorshkov et al. [1968] oxidized M C-labeled acrolein over Sn-Sb oxide 
catalysts and analyzed the wC-content of the products. Formaldehyde 
was derived mainly from the carbonyl group of acrolein and CO* are
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essentially formed by the vinyl groups. Keulks and Rosynek [1969) and 
Keulks et al. [1971] using a similar technique oxidized 14C-labeled and 
unlabeled acrolein and concluded that the COx formed exclusively from 
further oxidation of acrolein and not by direct oxidation of propylene.
Sala and Trlfiro [ 1976] proposed that two adjacent groups of Sb(V)=0 
were Involved in the oxidative dehydrogenation of butenes over Sn-Sb 
oxide catalyst where reduced Sb(III) was reoxidized by Sn. The activity 
of this catalytic system was reported to vary with the calcination 
temperature.
The participation of lattice oxygen in oxidation of propylene over 
Sn-Sb oxide was considered by Christie et al. [1976]. A large amount of 
oxygen-18 was incorporated into carbon dioxide and acrolein during 
propylene oxidation with 1802 over catalysts containing low concentra­
tions of antimony which Indicated that the lattice oxygen did not 
contribute significantly to the formation of these products.
McAteer [1979] Investigated the partial oxidation of butene over 
Sn-Sb oxides of different composition subjected to different calcination 
temperatures. The variations of specific activity and product selectivity 
as a function of antimony content in catalysts calcined at 600 *C showed 
that both bulk structure and acid-base characteristics of the Sn-Sb 
oxides were relevant in the interpretation of the catalytic properties. It 
was proposed that oxidation involved allylic intermediates at specific 
acid and basic sites at the catalyst surface and a high surface basicity 
was considered to favor butadiene formation while formation of carbon 
dioxide appeared closely related to surface acidity.
Uranium-antimony oxide catalysts have also been examined in some 
detail by several Investigators [Grasselli et al., 1970; Simons et al.,
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1971; Farrell et al., 1986]. Grasselli et al. [1970] proposed USbsOio as 
the active phase with neighboring U(V)=0, and Sb(V)=0 groups behaving 
similar to two cis Sb(V)=0 groups. Sb(V) ions were postulated as active 
sites while the second metal (U) reoxidized the reduced active site via 
electron transfer. Simons et al. [1971] found the reaction to be first 
order in 1-butene and zero order in oxygen. The reaction was restricted 
to the surface in contrast to multilayer participation prevalent in 
bismuth molybdates. The catalyst did not catalyze double bond 
isomerization of butenes and reacted only slightly with butenes in the 
absence of oxygen. Even a slight reduction of the catalyst resulted in 
irreversible decomposition of the catalyst structure.
Straguzzl et al. [1987] studied several rutile and trirutile based
antlmonates, MSb04 (M=Fe, Al, Cr, Co and Rh], for oxidation of 1-butene
to butadiene. Generally the catalysts were stable under prolonged 
reaction times, but only the Fe-Sb oxide could undergo reduction at the 
reaction conditions. The most selective catalyst for butadiene was 
obtained by impregnation of FeSbO< with Sb while Fe impregnation 
produced more active catalysts. The authors speculated that Fe 
impregnation generated new oxidation sites while Sb decreased the
number of unselective sites. Another conclusion was that the 
participation of bulk oxygen was necessary for the reaction. The
following reaction mechanism was proposed:
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C«H8 + I0*-1a —  > HaO + C«He + 2e~
2M3+ + 2e- <— > 2M2+
2M2* + Sb°* <— > 2M3* + Sb3*
Sb3* + 1/202 — > Sb8* + 0«-
where [02~]a are oxide ions bonded to Fe.
Based on the redox potential of M3* ions, the authors proposed an
ensemble model, similar to binary alloys [Schaik et al., 1975], modified 
for oxides to explain the geometric effects in the isostructural rutile 
type antimonates. The primary function of Sb appeared to be reduction 
of ensembles of active oxygen species ([02_]a) on iron oxide, reoxidatlon 
of reduced M3* ion and the adsorption of oxygen from the gas phase.
1-2.4 Iron Based Allylic Oxidation catalysts.
1-2.4.1 Iron Oxides.
Among the first row transition metal oxides, iron oxides are one of
the most selective catalysts for the oxidative dehydrogenation of
1-butene [Misono et al.,1980; Kung et al., 1979; Simons et al., 1968]. 
For different iron oxide phases, the selectivities are also dependent on 
the bulk crystallographic form of the oxide. For Instance, oxidation of 
1-butene over o- and r-Fe203 differed significantly in the selectivity 
for butadiene [Misono et al.. 1980; Yang et al., 1984].
Matsuura [1976] studied the adsorption equilibria of 1-butene and 
butadiene on a large number of catalysts including, o-Fe203, FesO*, Fe-M
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oxide (M=Bi, Sb, As, P) and SbzO<i/SnOz. Weak, reversible adsorption 
occurred over catalysts which were selective (FeSbO«, FeAsCU and 
Sb204/Sn0s) while strong and irreversible adsorption occurred over 
non-selective catalysts (a-FezOa, Fe30« and Fe-Bi Oxide). No adsorption 
occurred over FePO< which had no activity. A two site mechanism 
similar to the one proposed over bismuth molybdate was proposed.
Using adsorption and temperature programmed desorption techniques, 
Kung et al. [1979) found three distinct types of sites on oc-FezOa: 
isomerization sites, selective oxidation sites and combustion sites. The 
interaction of the hydrocarbon was the weakest with the isomerization 
site and strongest with the combustion site. No information was 
obtained for the exact nature of these sites but the technique did 
provide a relative concentration of selective oxidation and combustion 
sites over iron oxide. In a later study, Yang and Kung [1982] found 
that the adsorbed butadiene and/or its adsorbed precursor (allylic) 
intermediate on ot-Fe2C>3 was very sensitive to degradation by gas phase 
oxygen.
Yang et al. [1984] and Misono et al. [1976, 1977] found the
properties of a-FezOs to improve upon reduction and reoxidation. The 
change was attributed to the transformation of a-Fe203 (corundum) via 
Fe304 to T-Fez03 (spinel) by rapid migration of lattice oxygen to the 
surface at high temperature. The improved activity of T-Fe203 was 
suggested by Yang et al. [1984] to be due to reduced degradation of 
adsorbed 1,3-butadiene precursors by either gas phase or adsorbed 
oxygen. On T-Fe203 the butadiene precursor was found to be much less 
sensitive to oxygen attack. The nature of the adsorbed butadiene or 
allylic precursor was proposed to be similar in both a-Fe203 and T-Fez03
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and It was Inferred that the difference in selectivity was probably due 
to a better ability of a-Pea03 to activate molecular oxygen than T-Fes03. 
Further differences In butadiene production over a-Fea03 and T-Fea03 
were also associated with the basic differences between a corundum 
(a-Fea03) and spinel (T-Fea03) structure. A spinel structure was argued 
to possess cation vacancy sites not present on the corundum. These 
sites could be involved in active centers for butadiene production 
accounting for higher activity and stronger temperature dependence of 
spinel catalysts.
I-2.4.2 Mixed Oxides of Iron.
I-2.4.2.1 Ferrites.
In some instances, the selectivity of oc-Fea03 for butadiene formation 
has been found to Increase to greater than 90% with the addition of 
additives such as Zn, Cr or Mg [Kehl and Rennard, 1971; Cares and 
Hightower, 1978; Gibson and Hightower, 1979; Kung et al., 1981).
Kehl and Rennard (1971) have patented the spinel ferrites containing 
Cr/Mg or Cr/Zn. The addition of chromium increased the activity of zinc 
ferrite. The authors proposed that the high activity was not due to the 
Incorporation of Cr in the spinel structure but to the CnFe<s-i)C>3 phase 
since it was absent in the used catalyst. The same situation occurred 
when Cr was incorporated into MgFesO^ The following mechanism was 
proposed for the oxidation of 1-butene over ferrite catalysts:
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C<Hb + O- + [ ] + Fe3+ — > [CUH7..Fe]3* + OH"
lC4H7..Fe]3+ + O2- --- > Fe2+ + OH" + C4H6
20H- <-------> O2" + [ ] + H2O
Fe2+ + V402 — > Fe3+ + O2"
where I ] is an anion vacancy adjacent to an Fe3t ion, 0" is adsorbed 
oxygen ion, 02_ is the lattice oxygen and [C<H7..Fe]3+ is a complex of Fe3+ 
and allyllc radical.
A study by Gibson and Hightower [1976] attributed the catalytic 
properties of magnesium ferrites containing about 6% a-Fe2C>3 to the 
presence of small amounts of iron oxides. An onion-skin model
consisting of a core of MgFe20« covered by Fe203 was proposed for the 
investigated catalysts, since Fe2C>3 present in the initial catalyst
disappeared from the reacted and deactivated catalyst. The core of
MgFe2 0« was postulated to increase the diffusion of lattice oxide ions 
which accounted for the higher selectivity to butadiene over this 
catalyst when compared to those achieved over a-Fe2(>3. CO2 was formed 
from the oxidation of 1-butene and 1,3-butadlene with gas phase and 
adsorbed oxygen but not with lattice oxygen.
Other ferrites of copper and cobalt were also Investigated by Cares 
and Hightower [1978]. Both ferrites were moderately active but
non-selective. The activity of the copper ferrite was found to be ten 
times that of cobalt ferrite. This was attributed to the greater 
reduclbility of the copper ion compared to the cobalt ion.
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Kung et al. [1981], using a pulse technique, further investigated the 
modification of iron oxide with additives such as Cr and Zn in the 
selective oxidative dehydrogenation of 1-butene between 210 and 360 C. 
Both additives increased the selectivity to butadiene at higher 
temperature when compared to pure iron oxide. The increase in 
selectivity due to the additives at higher temperature was attributed 
partly to modification of the surface properties of iron oxide. The 
additives were proposed to increase the resistance to reduction in the 
near surface region which subsequently lead to an Increase in 
selectivity. In the absence of gas phase oxygen, the formation of 1,3 
butadiene ceased when adsorbed oxygen was consumed and the reduction 
of the catalyst surface had been achieved. The reduction of Fe3+ to Fe2+ 
only proceeded to the extent that a monolayer of O2 was removed. The 
kinetics indicated a non-competetive adsorption of 1-butene and O2 on 
two different sites.
1-2.4.2.2 Antimonates.
Boreskov et al. [1971] investigated Fe-Sb oxides and found fully 
oxidized catalysts had poor selectivity (10% to dlene and 70% to CO2) 
while partially reduced catalysts showed a decreased activity and 
increased selectivity (90% to diene) with a maximum at 40% of the O2 
layer removed from the surface. Thus, this reaction over iron-antimony 
oxide catalyst does not proceed with the alternating reduction-oxidation 
of the original catalyst but Involves the reduction and oxidation of an 
already partially reduced surface. Two types of oxygen were postulated 
to participate in the reaction. One type (strongly bound to the catalyst) 
was thought to yield the butadiene while the other (weakly bound)
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produced oxides of carbon.
Sala and Triflro [1976] investigated M-Fe-Sb (M=Sb, Co, Ni, Mn, Zn, 
U, Ce, Cd) oxide catalysts for the oxidative dehydrogenation of 1-butene. 
Sb containing antimonates were found to be the most active catalysts. 
Reaction orders with respect to both 1-butene and oxygen were found to 
be 0.6. Sb+B was postulated as the active site. The reduced antimony 
was postulated to be reoxidlzed by adsorbed oxygen transfered to Sb 
through peroxide bridges or by the second metal ion which in turn is 
reoxidlzed by gas phase oxygen.
Carbucicchio et al. [1985] investigated Sb/Fe=l and Sb/Fe=2 ior 
propylene oxidation between temperatures of 400 and 500 *C. Catalysts 
with increased antimony content were found to possess higher activity 
and selectivity. The improvement was attributed to the stabilization of 
Sb5+ ions in the FeSb04 rutlle lattice. The iron was proposed to merely 
provide an environment to stabilize the antimony in its higher oxidation 
state.
Centi and Triflro [1986] have reviewed the antimony-based rutile 
and trirutile structure type catalysts for the oxidation of propylene and 
1-butene.
1-2.4.2.3 Other Catalysts.
Matsuura and Schult [1976] investigated a series of M-Fe-0 (M=Bi, 
Sb, As, P). Catalysts containing Sb were the most active and selective 
for 1-butene oxidation. Weak and reversible adsortlon of 1-butene 
occurred over selective oxidation catalysts, strong adsorption over 
non-selective catalysts and very weak adsorption over non-active 
catalysts. A two site adsorption model was proposed to explain the
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behavior of the catalysts. B sites were postulated to be connected with 
bulk octahedral Fe3+ while A sites showed adsortlon ability only when 
present next to one or more B sites. Pure Sb oxide (Sb204) did not 
adsorb 1,3 butadiene but behaved as an A site in FeSbOi. Active sites 
were an alternate arrangement of A and B sites presumably segregated 
by inactive A sites and non-selective clusters of B sites.
1-2.5 Tellurium Based Allylic Oxidation Catalysts.
There are numerous research studies and patents with Te02 as the 
principal catalytic element or promoter. The most remarkable property of 
such Te02-based catalysts is the high selectivity to acrolein from 
propylene and butadiene from 1-butene especially in the case of silica 
supported catalysts.
1-2.5.1 Tellurium Oxides.
Unsupported Te02 has no activity for allylic oxidation of olefins in 
the temperature range 260-500 *C {Shyr and Price, 1984; Forzattl and 
Trifiro, 1977, 1979; Forzatti et al., 1977], Oxides with a higher
oxidation state of tellurium are found to have high selectivity to 
acrolein at low temperatures, less than 250 *C for Te03.nH20 [Forzatti 
and Trifiro, 1979, 1977) and between 300 and 350 *C for HeTeOs which is 
not active at higher temperatures [Forzatti and Triflro, 1977]. Both 
these oxides are unable to sustain their activity for a prolonged period 
of time due to the transformation of Te(+VI) to Te(+IV) and the inability 
of the gas phase oxygen to reoxidlze Te(+IV) to Te(+VI).
Silica supported tellurium oxide (Te02/S102) was investigated by 
Castellan et al. [1976] for propylene oxidation to acrolein. Analysis of
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Infrared spectra of samples calcined at 300 *C and higher showed 
increasing interaction of TeC>2 with the Si-OH groups. A stabilization of 
tellurium was proposed as:
Ten* _ o - Si —
where n > 4. At moderate conversion level, catalysts containing higher 
concentration of TeC>2 were more selective to acrolein but at high 
conversion there was a drop in selectivity. Selectivity to acrolein 
tended towards a maximum as conversion was extrapolated to zero thus 
indicating acrolein as the primary reaction product. Catalytic 
experiments were also performed on Te02 supported on T-AI2O3 activated 
at 500 *C and on 1:1:10 Te02:Na0H:S102. Under standard conditions, 
conversions were 44% and 5% with the products being exclusively CO2 
and CO. The causes for this difference in behavior of the alumina 
supported catalyst were not discussed by the investigators.
1-2.6.2 Binary Mixed Oxides of Tellurium.
Unsupported binary mixed oxides are more active than pure 
component oxides and show a completely different product distribution.
Robin and Germain [1976] have investigated several binary mixed 
oxides containing tellurium, Te-M oxides (M=T1, V, Pe, Cu, Mo, Cd, Sn, 
Sb, W, Bl, V), with Te/M ratio close to unity for propylene oxidation to 
acrolein at 400-500 *C. The binary systems containing Mo and W  had 
the highest selectivities while the Cu containing catalyst had zero 
selectivity to acrolein. The selectivity of the Fe-Te oxide was also low
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(25%). In the absence of gaseous oxygen at 450 *C, the active oxides 
produced high yields of acrolein from propylene with selectivlties varying 
between 100-80%. The Te-Mo and Te-Sb oxides had the highest 
selectivity in this case with Fe-Te oxide having zero selectivity.
The binary Te-Mo oxide system has been studied in depth [Bart and 
Giordano, 1984, 1982, 1980; Castellan et al., 1978J for propylene
oxidation to acrolein in the temperature range 360-460 *C. The active 
phase in the Te-Mo oxide system is Te2Mo07 where the oxidation occurs 
through the activation of the hydrocarbon at Te(+IV) sites and insertion 
of oxygen at the Mo(+VI) sites. In further structural characterization of 
this system, Bart and Giordano [1980] attributed the high activity to the 
site isolation in the active phase. The catalytic activity decayed with 
depletion of lattice oxygen while forming TeMosOi6, Te and reduced Mo 
oxides. A characteristic feature of this system was that the ratio of the 
component oxides could vary extensively without substantial variations 
in the catalytic activity.
Bart and Giordano [1982] also investigated silica supported Ce-Te-0 
oxide system for the ammoxidation of propylene to acrylonitrile at 360 
and 440 *C. For compositions up to 80% TeC>2, the binary oxide
consisted of single non-stoichiometrlc flourite type phase a-(Ce,Te)02. 
At higher Te content, the catalyst was a saturated solution 0-(Ce,Te)O2 
together with Te02. The acrylonitrile yield varied almost linearly with 
Te content. The 0-(Ce,Te)C>2 was the most active component of the 
system. The authors proposed that the effect of tellurium was to reduce 
the overoxidation properties of cerium oxide and selective oxidation 
occurred through Te(+IV) bonded oxygen.
Shyr and Price [1984] investigated the binary Fe-Te oxide system for
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the oxidation of propylene and 1-butene. The multiphasic catalysts 
contained Te02 and Fe2Te06 but did not show any pure phases of iron 
oxide. The catalytic properties were attributed to the Fe2Te0e phase. 
Fe-Mossbauer studies Indicated that the iron did not participate in redox 
cycles during the reaction. Te(+VI) sites were the active sites with the 
iron merely providing an environment to stabilize the tellurium in its 
higher oxidation state. Isotopic tracer studies showed lattice oxide ions 
to be incorporated in the propylene while both lattice and adsorbed 
oxygen resulted in the formation of products of deep oxidation. The 
following reaction mechanism involving only the Te ions was proposed for 
propylene oxidation:
Te6* + o 2- + CaHe > [TeCaHo]8* + OH"
[TeCaHo]8* + O2" --- > lTeHOCaH4p
[TeHOCalU]3* + O2" --- > [Te O CalU]2* + OH"
[Te O C3H4P + 2 O H -  > Te4*+[C3H4Ol2“<ndB)+02_+ [ 1+H2O
[CaH40]2-<ada)---> C3H4O + 2e" + []
2e~ + Te4* + O2 + 2[] > Te6* + 202-
where [TeCaHol8* is a n-allyl complex of Te6* and C3H8" and [J is an anion 
vacancy associated with Te. Oxidation of deuterated propylene showed 
an isotope effect for formation of both CO2 and acrolein Indicating that 
H abstraction is the rate determining step for the formation of both
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these products. Under different propylene reducing conditions, dissocia­
tion of FezTeOs into an iron oxide and tellurium oxide phase was also 
suggested by analysis of Infrared spectra of the reduced catalysts.
I-2.6.3 Multicomponent Mixed Oxides of Tellurium.
Several multicomponent mixed oxide systems containing tellurium are 
known to possess excellent properties for allylic oxidation of olefins. 
The Ce-Mo-Te oxide system is highly active for the ammoxidatlon 
reaction and has been patented by Carpoli et al. [1972]. Another 
Ce-Sb-Te oxide catalyst for oxidation of unsaturated hydrocarbons has 
been patented by Yoshino et al. [1972]. M-Te-Mo (M=Cd, Co, Mn, Zn) 
oxide catalysts are highly specific for allylic oxidation of olefins 
[Forzatti and Trifiro, 1978, 1979; Ueda et al., 1984].
Several studies have been reported which have examined the role of 
tellurium in the selective oxidation of 1-butene. Forzatti et al. [1977] 
investigated the effect of a Te additive on a series of non-selective or 
poorly selective molybdate catalysts such as CaMoOi, C0M 0O4, oc-MnMoO« 
and Fe2(Mo04>3. Tellurium showed unsual effects depending on the 
catalytic system, quantity of element added, and the reaction 
temperature. For C0M 0O4 there was a strong enhancement in 1-butene 
conversion and butadiene yield with a simultaneous decrease in both 
isomers and COx yields. The conversion and selectivity changes were 
only minor for Te concentrations from 0.5-2% leading the authors to 
believe that the Te acted as a promoter, i.e. it Increased the formation 
of CO2 producing sites in addition to creating sites which produced 
butadiene. At concentrations of Te greater than 2%, the Te acted as 
moderator, i.e. it destroyed sites which produced CO2 and butadiene. A
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slightly different behavior was observed for teliurium doped Fe2(MoC>4)3. 
In small quantities, the tellurium acted as a moderator while at higher 
levels, the effect of Te resembled that of a promoting agent increasing 
the yield to both butadiene and COa products. From a structural 
analysis of the catalysts by X-ray diffraction and infrared spectroscopy, 
it was proposed that the active sites consisted of either cls-Te=0 
groups or modified cis-Mo=0 groups or Te=0 Mo=0 gem groups. Similar 
"gem" groups of cis Sb=0 have been proposed by Sala and Trifiro (1978) 
to be the active sites in a large class of antimony oxides and by 
Grasselli and Suresh [1972] for uranium-antimony mixed oxides.
In another related study, Forzatti et al. [1978] Investigated the role 
of surface acidic properties for isomerization and CO2 formation over a 
series of poorly selective tellurium doped catalysts in the oxidation of
1-butene both in the presence and absence of steam in the feed. The 
addition of steam affected both isomerization and C02 formation but in 
the opposite direction. It Increased the yield of 2-butenes and 
decreased the yield of CO2. The increase in the selectivity to butadiene 
was proposed to be due to a decrease in CO2 formation and a small 
increase in butadiene production.
Forzatti et al. [1978] also studied the effect of Te addition to 
CdMoO<. The catalyst was very selective at low Te levels «  4%) but one 
with Cd:Te:Mo ratio of 1:1:1 was very specific for butadiene. CdTeMo06 
was Identified as the active phase in the region rich in Te (> 46%) and 
with Te as a dopant in the region poor in Te. As the Te level was 
increased, the yield to 1,3-butadiene was found to Increase while the 
yield to CO2 and butene isomers decreased. The decrease in CO2 yield 
related to a decrease in rate constants for extensive oxidation of
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butadiene and butene. The improvement in selectivity was also 
attributed to an increase in the rate constant for oxidative 
dehydrogenation of butenes. CdTeMoOe was proposed to contain two 
cis-Mo=0 groups which provided adjacent sites for removal of H atoms. 
For low Te content catalysts, the tellurium was proposed to reoxide the 
reduced Mo according to
Mo(IV) + Te(VI) > Te(IV) + Mo(VI)
which accounted for the high selectivity because formation of Mo(V) was 
bypassed thus avoiding reactive species such as Mo(+lV)-02(ads) which 
could promote oxidation of 1-butene to CO2. The active sites proposed 
for Te doped CdMoC>4 were adjacent Te(VI)=0 Mo(VI)=0 groups or modified 
Mo(VI)=0 groups (those previously present in CdMoO«).
Later studies [Forzatti et al., 1978, 1979] of tellurium-rich catalysts 
indicated M-Te-Mo-0 (M=Cd, Co, Mn, Zn) mixed oxides to be highly 
selective for 1-butene oxidation to 1,3 butadiene and propylene to 
acrolein. These catalysts were all single chemical compounds with 
similar catalytic properties. No structural differences were found by 
x-ray diffraction between these catalysts thereby allowing the authors 
to attribute the similar catalytic properties to the structural similarity. 
Analysis of Infrared spectra suggested that the tellurium possibly 
modified the Mo-0 bond properties by forming cis-Mo=0 groups. The 
possibility of cis Te-0 and Mo-0 groups was also considered to 
constitute active sites. Although the tellurium was present in the +IV
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oxidation state, the authors argue that since the radii of Mo(+VI) and 
Te(+VI) are close, Te(+vi) could occur in the structure by partial 
substitution of Mo(+VI). No formation of metallic tellurium was detected 
and no evidence was presented for the specific role of the third 
component in the mechanism of butene and propylene oxidation.
Some of the only direct spectroscopic evidence of the valence of 
tellurium in selective oxidation catalysts is found in a paper by Firsova 
et al. [1978]. Mossbauer spectroscopy was used to study the oxidation 
state of tellurium in Te doped Co-Mo-0 oxide catalyst for propylene 
oxidation to acrolein. High oxidation states for Te (+VI, +IV) were
detected in Co-Mo-Te and Co-Mo-Te-Fe mixed oxides. The addition of 
Fe led to an increase in the amount of Te(+VI). The Te(VI)/Te(IV) ratio 
dropped with reduction of the catalyst with propylene. However, a 
larger amount of Te(+IV) was formed in Co-Mo-Te than Co-Mo-Te-Fe. 
The valence ratio was restored to the original state when the catalysts 
were reoxidized with oxygen. These observations indicated that Te 
partlcipiated in the redox cycle and addition of Fe increased the 
stabilization of Te(+VI). The authors proposed a step-wise reduction of 
Te from +VI to +IV state via the hydrocarbon followed by the
restoration to the +VI state by gas phase oxygen. The Mo participation 
was not discussed.
Propylene oxidation to acrolein over Bi and Te doped iron molybdate 
Fe2(MoO<)3 catalysts were investigated by Forzatti et al. [1982]. At low
concentrations, the additives were found to concentrate at the catalyst
surface. XPS measurements showed both dopants to have high oxidation 
states; above III for Bi and above IV for Te. A high Te/Fe ratio was 
also detected on the surface. The Increase in activity was related to
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the bulk properties such as oxygen mobility and bulk conductivity which 
changed with the presence of Bi or Te in the interstitial sites of
Fe2(Mo04>3. On the other hand, the selectivity was related to surface 
properties such as the presence of Te-O-M-O-Te or Te-O-Te chain 
bonds. At high tellurium concentration, the tellurium became mobile and 
was easily lost.
The role of the third component in M-Te-Mo (M=Cd, Co, Mn, Zn) 
oxide catalysts was later clarified by Ueda et al. [1984]. M-Te-Mo 
(M=Co, Mn, Fe) and several Te-Mo oxide catalysts were investigated 
using isotopic tracer techniques for propylene oxidation to acrolein. 
Severe vaporization of Te was observed in the binary Te-Mo-0 oxide 
catalysts especially In catalysts containing Te(+VI) which showed a 
dramatic decrease in specific activity for propylene oxidation. 
Vaporization did not occur in ternary component catalysts and in
catalysts containing iron and/or copper. The addition of a third 
component to Te-Mo oxide then was postulated to Increase the rate of 
diffusion of lattice oxide ions. A clear correlation was obtained between 
the degree of evaporation of Te and the number of oxide ion layers 
Involved in the oxidation. The authors concluded that the high mobility 
of the lattice oxide ion In the catalyst played an important role in
stabilization of Te64 on the surface of the catalyst which suppressed the 
vaporization of tellurium from the catalyst during oxidation.
A ternary Ce-Te-Mo-0/Si02 catalyst has also been studied by Bart 
and Giordano [1984]. The catalyst was a complex multiphasic system 
consisting essentially of ternary Ce-Mo-Te oxide, a-Ce2Mo40io, Ce2Mo30i3 
and did not contain Te-Mo oxide or Te-Ce oxide system compounds or 
substantial amounts of free metal oxides. XPS showed evidence of
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surface enrichment with Mo(+VI) and Te(+IV). The cations were not all 
In their maximum valence state as one might expect for an oxidation 
catalyst. It was proposed that the primary function of Ge was to 
reoxldize Its partners more readily as compared to Te-Mo oxide catalysts 
discussed earlier.
1-2.6 Selenium Based Allylic Oxidation Catalysts.
1-2.6.1 Selenium Oxide.
There are no literature reports on the use of pure selenium dioxide 
as a heterogeneous catalyst. Its use may be limited because of a very 
low sublimation temperature (315 *C). However in the liquid phase,
selenum dioxide is an excellent allylic oxidation catalyst [Behrendt and 
Gerwarth, 1981]. The products of oxidation normally depend on the type 
of solvent, temperature and stoichiometry. The oxidation of higher
olefins yields allylic alcohols, their dehydration products and a and |3 
unsaturated carbonyls. Guillemonet [1939] found that oxidation of an 
olefin with selenium dioxide always occurred a to the double bond.
Oxidation of alkyl groups attached to aromatic systems at a-methylenic 
or benzylic positions by selenium dioxide produces carbonyl compounds or 
acids. In many instances, the reaction of selenium dioxide with organic 
compounds involves formation of intermediate selenium-containing 
compounds of varying degrees of stability. Most of the these 
intermediates decompose into oxidized products, water and selenium
during the course of the reaction.
I-2.6.2 Other Mixed Oxides of Selenium.
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Voge and Adams [1968] reported on the effects of selenium addition 
to a CuO catalyst. The selenium addition increased the selectivity to 
acrolein in the oxidation of propylene. The modification of the catalysts 
was attributed not to the change in catalytic properties of CuO but due 
to the presence of a CuSe03 compound.
Grasselli et al. [1984] investigated the silica supported Fe-Te-Se
oxide system for the conversion of propylene to acrylonitrile. By
varying the oxidation states of the cations, a Fe3+Se4*Te6+ oxide catalyst 
gave the highest selectivity and yield to acrylonitrile. Binary oxides 
containing Fe3+Te6, Fe3+Te4+, Fe3*Se4* and Fe3+Se6* were also tested as
catalysts. Based on the evidence presented it was concluded that Se4+ 
was the or-hydrogen abstraction element and Te6+ was the olefin 
chemisorbing and oxygen or nitrogen inserting element. Iron was
considered a redox couple while the role of gas phase oxygen was not 
discussed.
Oxidation of l,l-d2-propylene was studied to understand the nature 
of the subsequent steps involved in propylene oxidation to acrylonitrile. 
The general mechanism of propylene conversion to acrylonitrile was 
proposed as:
-H K Kd
D2C=CH-CH3 — > D2C-CH-CH2 5==- D2C-CH=CH2
n NH 01




D2C=CH-pH2 — > D2C=CH-CN 
02 NH d2 ACN
If the n to ox or a2 conversion is reversible (i.e. K = 1.0), the 
ratio of d2 to do-acrylonitrlle will be governed by the difference in Kd
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and Kh (1.6 to 2.6). However If K is very large or n to oi or 02 
conversion is irreversible, then the ratio of d2 to do-acrylonitrlle will be 
1.0. For the reaction studied, the ratio of d2 to do-acrylonitrile in the 
reaction products was compared with that obtained over other oxidation 
catalysts and was presented as follows:
K (TT 5s o) d2/do acrylonitrile (320 *C)
1*0 (reversible) 1-5 - 2-5




The low value of 0.91 for d2/do acrylonitrile over selenium tellurates, 
when compared with other catalysts such as bismuth molybdate, was 
explained on the basis of highly coordinated saturated bridging 
oxygen/nitrogen environment around the Te(VI) ion. This highly 
coordinatively saturated active site was argued to lead to irreversible 
conversion of the n-allyl to o-allyl which subsequently resulted in a 
50:60 mixture of the two o species from the n-complex. In contrast, 
reversible adsortlon at a coordinatively unsaturated transition metal (eg 
Mo) based catalyst was believed to result in a d2=do mixture with a ratio 
of 1-6.
1.3 Research Goal and Plan.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
Many studies have been devoted to clarification of the modifying 
actions of catalyst additives such as Te or Se, but still, the mechanism 
of their effect on the activity and selectivity of the catalysts remains 
unknown. A number of tellurium-based oxides have been developed as 
active and selective catalysts for propylene oxidation to acrolein and
1-butene oxidative dehydrogenation to 1,3-butadlene [Caporli et al., 
1972; Hucknall, 1974; Grasselli et al., 1984 and Forzatti et al., 1978], 
According to these studies, addition of Te02 to other metal oxides 
markedly improves its catalytic properties for olefin oxidation. Studies 
by Forzatti et al. (1978] have emphasized the importance of Te +VI 
oxidation state in catalysts containing Te. In spite of the significant 
development of catalyst systems containing tellurium, the contribution of 
tellurium to the catalytic behavior has not been clarified.
Binary Fe-Te oxide (Shyr and Price, 1984] and ternary Fe-Te-Se 
oxide systems [Grasselli et al., 1984] are convenient catalytic model 
systems which can be studied to evaluate the role of Te and Se in the 
selective oxidation of olefins. The goal of this study was to investigate 
the Fe-Te oxide and Fe-Te-Se oxide catalytic systems using oxidative 
dehydrogenation of 1-butene to 1,3-butadiene and selective oxidation of 
propylene to acrolein reactions in order to further understand the role of 
Te and Se in these processes particularly with respect to their oxidation 
state.
To obtain mechanical strength and ruggedness, industrial catalysts 
are generally supported on an inert oxide base such as silica (Si02> or 
alumina (AI2O3). There is considerable evidence of a strong interaction 
of these supports with the active catalyst components, in influencing the 
stabilization of the oxidation state of various catalyst component
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[Castellan et al., 1975]. Thus, In order to eliminate the Influence of the
support, the catalysts utilized in this study were prepared in an
unsupported form.
Research work can be summarized as follows:
1) Three methods (hydrothermal crystallization, solid state thermal
reaction, and coprecipitation from aqueous solution) have been employed
to synthesize Fe-Te and Fe-Te-Se oxide catalysts with varying 
oxidation states of Te. Two of these methods (solid state thermal 
reaction and coprecipitation) are standard catalyst preparative 
techniques while the third, hydrothermal crystallization, was adopted 
specifically to synthesize Fe-Te oxide catalysts with the Te in the +VI 
oxidation state.
2) For Fe-Te oxide catalysts synthesized by hydrothermal 
crystalliizatlon the role of lattice oxygen, gaseous oxygen and water for 
the oxidative dehydrogenation of 1-butene to 1,3-butadiene have been 
examined. The effect of gaseous water is Included since presence of 
steam in the reactant mixture is known to improve selectivity to 
butadiene over Te containing catalysts [Forzatti et al., 1978], l802 
tracer was employed to determine the ability of these catalysts to 
activate molecular oxygen. Activation of molecular oxygen is known to 
significantly Influence the selectlvltles in oxidation processes.
3) For Fe-Te-Se oxide catalysts prepared by coprecipitation from 
aqueous solution, the roles of gaseous and lattice oxygen for propylene 
oxidation to acrolein have been examined. Additionally, isotopic tracers 
(180a and C3D6) have been used to determine the role of lattice oxygen, 
gaseous oxygen and the rate determining step for the propylene 
oxidation to acrolein.
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II. EXPERIMENTAL APPARATUS AND PROCEDURES 
II-l Materials.
The materials and reagents used in this work are listed 
in Table II-l. Suppliers, specifications and lot numbers 
are provided where available.
1-butene and propylene were purified by a 
freeze-pump-thaw technique using liquid nitrogen while 
oxygen was degassed by the same technique. The purified 
reactants and oxygen were stored in 5 liter overhead 
storage flasks. Helium used to dilute the reaction mixture 
was used without any purification. Tellurium dioxide was 
purified following a method reported by Horner and Leonard 
[1952] . 40 g Te02 was dissolved in 100 g water containing
20 g NaOH and filtered. 10 N nitric acid was added to the 
filtrate, until the solution was weakly acidic,to 
precipitate the Te02. The supernatant liquid was decanted 
and the precipitate washed with distilled water and dried 
at 110 °C overnight. a-Fe2 03 was prepared by precipitation 
with ammonium hydroxide from an acidic solution of iron(II) 
chloride (FeCl2*5H2 0) . The precipitate was washed with
water and converted to iron oxide by drying at 125 °C 
overnight and calcining at 500 °C for 5 h. The B.E.T. 
surface area was 9.2 m8/g. Other chemicals were reagent 
grade and were used without any further purification. High 
purity water (distilled and deionized) was used for 
catalyst synthesis and chemical analysis by atomic
45
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Table II-l. Materials
Name Supplier Specifications Lot #
Iron Nitrate Alfa > 99.95%
H2 Te04 . 2HZ 0 Alfa > 99.95% 051083
Te02 Alfa Tech Gr 072484
NaOH EM 97 % 6123
FeCla *4H20 Aldrich 99 % 02804LT
n h 4 o h Baker 29.2%
Se02 Aldrich 99.8% 06128AT










1-Butene Phillips > 99.9% 1595











Schematics of the apparatus used to synthesize 
catalysts by hydrothermal crystallization are shown in 
Figure II-l. The basic reactor (Fig Il-lb) consisted of a 
thin wall 3.2 cm diameter stainless steel tube which was 
sealed at one end. The other end was fitted with a flange 
and a teflon gasket served as the flange seal. The 
reactant slurry was placed in this reactor, sealed, and 
enclosed in another cylindrical stainless steel pipe-bomb 
(Fig II-lc). Further details of the assembled pipe-bomb 
are illustrated in Figure II-2. Distilled water was used 
inside the pipe-bomb to offset the auto-pressure generated 
in the inner reactor and also to provide for better heat 
transfer characteristics. The entire assembly was placed 
horizontally on two knurled shafts in an electrically 
heated oven (Fig Il-ld). The shafts were rotated at 
approximately 60 rpm by a chain and gear mechanism driven 
by a motor.
II-2.2 Catalyst Charaterization and Analytical Facilities. 
II-2.2.1 Recirculation Batch Reactor.
The catalytic reactions were carried out in an all 
glass (pyrex) recirculation batch reactor system. A 
schematic of the reactor system is illustrated in Figure
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a) Reactant slurry b) Hydrothermal reactor
c) Reactor assembly d) Thermal treatm ent
Figure II-l Schematics of the apparatus used to synthesize Fe- 
Te mixed oxide catalysts by hydrothermal crystall­
ization. •








Inner Wall of pipe bomb
Ci-2 Details of the assembled pipe-bomb reactor,
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II-3.
The recirculating system included two mixing flasks 
(200 ml and 300 ml) , a magnetically operated reciprocating 
pump, one way check valves and 3-way greased stopcocks. 
Only the 300 ml mixing flask was used in this work which 
gave the overall system an approximate volume of 580 cc. A 
reactor, water saturator and a liquid nitrogen trap could 
be connected to the system via ground glass joints. A 
U-tube section served as a trap to freeze the reactant 
hydrocarbons. Auxiliary system attachments to the recircu­
lating reactor included a mechanical roughing pump (Sargent 
Welch), high vacuum diffusion pump, sample line connected 
to a gas chromatograph, overhead storage flasks, and a 
volumetric adsorption apparatus.
The main element of the magnetically operated 
reciprocating pump consisted of a 2.2 cm diameter glass 
tube with a teflon piston having an iron core. Placement 
of this tube in the center of two solenoids with 
alternating magnetic fields provided a reciprocating motion 
to the teflon piston. The four check valves insured a 
unidirectional gas flow. The frequency of the alternating 
magnetic fields was adjusted to provide an approximate 
displacement rate of 1000-1200 cc/min.
The catalytic reactor was constructed of a 10 mm O.D. 
pyrex tube. The catalyst was placed between pyrex glass 
wool to prevent it from being swept into the recirculating 
system. A thermocouple was placed in a thermowell imbedded
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Figure II-3 Recirculation batch reactor system
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in the reactor allowing measurement of temperature of the 
catalyst bed. Six mm O.D. pyrex tubing and a 4-way 
stopcock connected the reactor to the recirculating system 
via 10/30 ground glass joints. The reactor was enclosed in 
a concentric electric heater. A proportional-inte­
gral-derivative (PID) controller (Love Model 151) was used 
to maintain the catalyst temperature within ±1 °C.
The roughing pump and the diffusion pump provided an 
approximate vacuum of 10-3 and 10-7 torr, respectively. 
Reactants were introduced from the overhead flask into the 
pre-evacuated recirculation system by monitoring the 
pressure with a MKS diaphram pressure transducer calibrated 
from 0 to 1000 torr.
II-2.2.2 Volumetric Adsorption Apparatus.
The left section of the reactor system (Figure II-3), 
shows the details of the volumetric adsorption system. A 
graduated burette was connected to the vacuum system of the 
recirculating reactor system via pyrex tubing. A teflon 
plunger, placed in the burette, was capable of vertical 
motion provided by motor driven shaft imbedded in the 
plunger. The gas phase pressure was monitored with a 
diaphram pressure transducer (MKS) calibrated from 0-1000 
torr. Samples were placed in a glass bulb which was 
connected to the adsorption apparatus via a 10/30 ground 
glass joint. The adsorption apparatus was used to measure 
the surface area of the catalysts by the B.E.T. method and
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prepare standard mixtures to calibrate the gas chromato­
graph .
An Omnisorb 360 was used to determine the pore size 
distribution of the Fe-Te mixed oxides prepared by 
hydrothermal crystallization by N2 adsorption - desorption 
technique.
II-2.2.3 Gas Chromatogaph and Integrator.
The gas chromatograph connected to the reactor system 
was a GOW-MAC series 550 P equipped with thermal 
conductivity detector. A 1/16" stainless steel tube 
connected the sample injection port to the recirculating 
reactor system. 1-butene oxidation products were analyzed 
on a 3.2mm X 6.1m column packed with 65% Chromosorb PAW 
80/100 mesh, 28.3% bis(2-ethoxyl-ethyl)adipate, 4.7%
squalene and 2% carbowax 1540 followed by a 3.2mm X 0.51m 
in column packed with Porasil C 80/100 mesh, coated with 1% 
Reoplex 400. Oxygen, CO2 , butene isomers, and 1,3-butadi­
ene were resolved in this column arrangement. The 
propylene oxidation products were analyzed on a 3.2 mm X 
2.1 m column packed with 80/100 mesh silanized porapak Q. 
Oxygen, CO2 , propylene and acrolein were resolved in this 
column. The gas chromatograph was operated in an 
isothermal mode when 1-butene oxidation products were 
analyzed, while a temperature programmed sequence was used 
to analyze the propylene oxidation products. Table II-2 
lists the GC settings for analysis of 1-butene and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
54
Table II-2. Gas Chromatograph settings for Analysis of
1-butene and Propylene oxidation products.
1-butene column Propylene column
Detector Temp (°C) 150 150
Detector Current (mA) 150 150
Attenuation 1 1
He Flow Rate (cc/min) 25 25
GC Operation Isothermal Temp. Programmed
Initial Temp (°C) 75 95
Initial Time (min) 0 1
Ramp Rate (°C/min) 0 30
Final Temp (°C) 75 170
Final Time (min) 0 5
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propylene oxidation products.
A Hewlett Packard 3390A integrator was used to 
determine the peak areas for quantitative analysis. The 
integrator parameters are listed in Table II-3. Figures 
II-4a and II-4b give examples of typical chromatograms of 
the reaction products for 1-butene oxidation in the absence 
and presence of gas phase oxygen, respectively. A typical 
chromatogram for the propylene reaction products is 
illustrated in Figure II-5.
The calibration table was determined by injecting 
standard mixture containing the reaction products. The 
response factors of the components ascertained by using 
this standard mixture along with those from literature are 
shown in Table II-3. The values were generally in good 
agreement with each other.
II-2.2.4 Pycnometer and Porosimeter.
A Micrometries multivolume pycnometer model 1305 was 
used to measure solid density and a Micrometries Autopore 
II model 9220 was used to determine the pore size 
distribution of the crystalline iron-tellurium mixed oxides 
synthesized by hydrothermal crystallization.
II-2.2.5 Optical Microscope.
A Nikon polarizing optical microscope was used to 
examine the catalysts for presence of crystalline material. 
The optical micrographs were obtained with a 35 mm camera 
attachment to the microscope.
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Table II-3. Integrator settings for peak area integration 







Chart Speed. 0.5 0.5
Attenuation 2 2
Area Reject 50 50
Threshold 0 0
Peak Width 0.04 0.04
Calibration
( 1/Amt/Area )* R. M.R.a
Oa 0.807-0.810 40 (0.830)*
C08 1.0 48 ( 1 )
Propylene 1.315 65 (1.343)
1-Butene 1.611 81 (1.688)
t-Butene 1.603 85 (1.770)
c-Butene 1.603 87 (1.812)
1,3-Butadiene 1.516 80 (1.670)
Acrolein 1.044 —
* Normalized to CO2
■Relative Molar Response [Dietz, 1967]
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Compound RT (mins) Cal
Oxygen 3.34 1




1. 3-butadiene 13.84 6
Figure Il-4a Typical gas chromatogram of reaction products for
1-butene oxidation In absence of gaseous oxygen.
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Compound FIT (mins) Cal
Oxygen 3 .53 1
Carbon dioxide 4 .70 2R
1-Butene 10 . 15 3
1, 3-butadiene 13,.83 6
Figure II-4b Typical gas chromatogram of reaction products for
1-butene oxidation In presence of gaseous oxygen.
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Compound RT (mins) Cal #
Oxygen 0 .51 1
Carbon dioxide 0.83 2R
Propylene 2.90 3
Acrolein 7.63 4
Figure II-5 Typical gas chromatogram of propylene reaction 
products.
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II-2.2.6 Scanning Electron Microscope (SEM) and Electron 
Dispersive X-ray Analysis (EDAX).
A ISI 60A scanning electron microscope (SEM) with EDAX 
9100 attachment was used to view the catalyst at greater 
magnifications and obtain further microscopic and semiquan- 
titative analysis of the catalysts. 25 KeV and 15 KeV 
accelerating voltages were used for the SEM and EDAX
respectively. Samples were not coated and the Z.A.F. 
method of analysis, without standards, was used to obtain
the analysis of the elements present in the catalysts.
A brief description of the principle used in EDAX
analysis is presented in order to understand the acronym 
Z.A.F. In electron dispersive x-ray analysis, an electron 
beam is bombarded on a sample placed in a high vacuum 
environment. This bombardment of an electron beam produces 
x-rays which are recorded in an EDAX plot. A typical EDAX 
plot is illustrated later. The x-rays generated are 
affected by various processes before their emergence from 
the sample. The factors affecting x-rays are: i) atomic
number of element (Z); ii) absorption (A) in sample; and 
iii) fluorescene (Z). The relative intensities in the EDAX 
plot roughly correspond to the concentrations of the 
elements but it is necessary to correct the x-ray 
intensities obtained for atomic number (Z), absorption (A) 
and fluorescene (F) in order to obtain an accurate analysis 
of the sample which is obtained by an iterative procedure. 
The EDAX method of analysis generally gives the composition
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of the elements in the sample to 15% accuracy.
II-2.2.7 Atomic Absorption Spectrophotometer.
A Varian AA-1475 atomic absorption spectrophotometer 
was used to analyze the atomic ratio of iron and tellurium 
in the catalysts synthesized by the hydrothermal method. 
Hollow cathode lamps were used for external energy source 
and background correction was provided by a deuterium lamp. 
The instrument used a photomultiplier detector and was 
operated in the double beam mode. Table II-4 lists the 
excitation wavelengths for iron and tellurium and the 
operating conditions for its analysis.
II-2.2.8 X-ray Powder Diffractometer.
The X-ray powder diffraction patterns were obtained on 
a Scintag PAD V powder diffractometer equipped with a 
Peltier cooled solid state detector. The diffractometer 
was operated by a MicroVAX II computer. The JCPDS powder 
diffraction data base (inorganic phases, 1987; sets # 1-37) 
was also available for search match routines. The 
instrument was aligned using quartz as a standard.
II-2.2.9 Fourier Transform Infrared Spectrometer (FT-IR).
Infrared spectra were recorded on an IBM IR/32 FT-IR 
spectrometer. The source of IR radiation was a globar and 
the signals were detected by a liquid nitrogen cooled MCT 
(mercury cadium telluride) detector. A dedicated IBM 9000 
computer converted the interferogram, created by a scanning
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Table II-4. Atomic Absorption Spectrophotometer Operation 
Parameters.
Iron Tellurium
Lamp Fisher Scientific 
hollow cathode 




tube type 14-386- 
10312
Lamp current (mA) 10 7
Wavelength (nm) 248.3 214.3
Slit (nm) 0.2 in•o
Flame Air-acetylene Air-acetylene
Fuel flow 5 units 5 units
Oxidant flow 20 units 20 units
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Michelson interferometer, into the final spectrum. The 
spectrum covered the mid-infrared range from 4800 to 400 
wavenumbers (cm-1). Calibration was accomplished with a 
0.05 mm polystyrene film.
II-2.2.10 Gas Chromatograph - Mass Spectrometer (GC-MS).
A Finnigan OWA/1000 series gas chromatograph (GC) 
mass spectrometer (MS) system was used to analyze the 
product distribution in the isotopic tracer experiments. A 
jet separator maintained at 250 °C removed essentially all 
the chromatographic carrier gas before the sample entered 
the mass spectrometer. The MS system included an electron 
impact ionization source, a quadrupole mass analyzer and an 
off-axis continuous dynode electron multiplier. A turbo 
molecular pump in conjunction with a rotary vacuum system 
provided the high vacuum for the MS. To reduce 
fragmentation, the ionization voltage was kept below 20 V.
A glass bulb containing the sample was connected via a 
12/30 ground glass joint to a Valeo gas sampling valve 
which was used to inject the sample into the GC. For each 
sample, three different analyses were performed and 
averaged. A 2 m column packed with silanized Porapak Q 
(80/100 mesh) operated in a temperature progammed sequence 
was used to separate the components of the gaseous mixture.
II-3 Procedures.
II-3.1 Catalyst Preparation.
II-3.1.1 Synthesis by Hydrothermal Crystallization.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
64
Figure II-6 illustrates the general preparative scheme 
used to synthesize catalysts by hydrothermal crystalliza­
tion. Initially, two separate slurries were prepared. In 
the first, 2.38 g of Te02 was mixed with 20 g distilled 
water. 2 g NaOH was added to this slurry and the mixture 
stirred and warmed until it formed a clear solution. Five 
grams of 30% aqueous H2 O2 were added to the warm solution 
to oxidize the Te to its +VI oxidation state. Upon 
standing for few minutes, a vigorous reaction ensued 
forming a white crystalline precipitate. Figure II-7 
compares the X-ray diffraction pattern of this white 
crystalline precipitate and Na2Te04 *2H2 0. Clearly, the 
oxidation of tellurium in an alkaline medium results in the 
formation of hydrated sodium tellurate. The second slurry 
was prepared by dissolving 12.1 g Fe(NO3 )3 •9H20 in 20 g 
water and adding a 10 g solution of water containing 7-7.5 
g NaOH to precipitate the iron. These two slurries were 
mixed and hydrothermally treated. The reactant slurry 
occupied approximately 90% of the reactor volume.
The entire reactor assembly was rotated and heated in 
an oven (Fig Il-ld) at 180 °C for 120-144 h. The rotation 
and long reaction period were found to be critical for 
complete reaction between the iron hydroxide gel and the 
oxidized tellurium. The completion of the reaction was 
judged by the disappearance of the iron hydroxide gel from 
the reacting slurry. The presence of iron hydroxide gel in 
the reaction mixture was determined by periodically cooling












NaOH SolnTeOo in NaOH Soln
warm and add
H 2 O 2 
( white cryst ppt )
Catalyst (20/40 G 40/60 Mesh)
Figure II-6 Preparative sequence used to synthesize Fe-Te mix­
ed oxide catalysts by hydrothermal crystallization.








































Figure II-7 X-ray powder diffraction patterns of a) Na2Te04.2H20 and b)and
O'O'
67
down the reactor, removing a sample from the mixture and 
examining it under an optical microscope. The iron 
hydroxide gel showed a distinct reddish appearance.
After the thermal treatment, the reactor was cooled to 
room temperature and a yellow crystalline powder was 
retrieved by filtration. The filtrate was recovered 
separately and analyzed for iron and tellurium content by 
atomic absorption spectroscopy. Essentially no iron and 
very little tellurium (< 2% of the original Te content) was 
found in the filtrate indicating that greater than 98% of 
the original Te was incorporated in the oxide. The powder 
was washed with water until free from residual NaOH and 
dried overnight at 120 °C. Typically, 2-3 g of powder were 
recovered after each reaction. Several similarly prepared 
powdered samples were mixed and the mixture designated as 
catl-gOO. The starting iron to tellurium molar ratio in 
this catalyst was about 2 to 1. A second catalyst with the 
same ratio of iron to tellurium, but using 4.0-4.5 g NaOH 
to precipitate the iron was prepared in an identical manner 
and designated cat2-g00.
Two other mixed oxides cat3-g00 and cat4-g00 were also 
prepared using similar procedures. Cat3~g00 had a starting 
iron to tellurium ratio of about 1:1 with 3.0 g NaOH used 
to precipitate the iron. This oxide was brown in color. 
In case of cat4-g00, which has a iron to tellurium ratio of 
1:2, 2.0 g of NaOH was used to precipitate the iron.
Cat4-g00 was whitish in appearance. Table II-5 summarizes
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Table II-5. Nomenclature used for the catalysts synthesized 
by hydrothermal crystallization. Crystalliza­
tion time 5-6 days and temperature 180 °C in 
all cases.





Catl-GOO 2:1 0 6.0 - 6.3
Catl-G16 2:1 16 •f
Catl-G48 2:1 48 II
Catl-G51 2:1 51 ••
Catl-G62 2:1 62 •1
Catl-G72 2:1 72 II
Cat2-G00 2:1 0 3.3 - 3.8
Cat2-G48 2:1 48 II
Cat3-G00 1:1 0 5.0
Cat4-G00 1:2 0 6.3
aIron-Tellurium ratio used in the starting materials.
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the preparative parameters for the catalysts synthesized by 
the hydrothermal method.
The results of hydrothermal crystallization were found 
to be reproducible provided the reacting conditions, size 
and material of contruction of the hydrothermal reactor 
were maintained from run to run. However, for a batch of 
cat2-g00 allowed to crystallize for a period of 14-21 days, 
further decomposition of the product was evidenced by the 
detection of a-Fe2 O3 by x-ray diffraction. Figure II-8 
shows the x-ray diffraction pattern of a batch of cat2-g00 
allowed to crystallize for 5-6, 14 and 21 days. Bands due 
to a-Fe2 03 appear in the latter two patterns. Additional­
ly, the tellurium content of the filtrate was also very 
high (26% of the original Te content) indicating formation 
of a Te compound soluble either in water (e.g. 
Na2 Te04•2 H2 0) or in an alkaline solution (e.g. Te02). This 
indicates that a prolonged hydrothermal treatment results 
in further decomposition of cat2-g00.
Batches of catalysts prepared separately were sometimes 
mixed to provide enough material to be ground in a ball 
mill. A 6" diameter ball mill filled about 1/8 full with 
an assortment of 1/2, 3/8 and 1/4" chrome steel balls was 
used to grind the catalyst. The rotation speed was 
approximately 86 RPM which was achieved by coupling a 1/4 
H.P. motor 1725 RPM with a 20/1 speed reductor. The 
addendum "gxx" represents a grinding time where "xx" is in 
hours. (This is an important parameter as catalytic
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Figure II-8 X-ray powder diffraction patterns of Fe-Te mixed oxide crystal­




activity is affected by grinding time). Finished catalysts 
were prepared by pressing the powder into a pellet at 5000 
psi for 5 minutes followed by crushing the pellet and 
sieving to 20/40 or 40/60 mesh.
II-3.1.2 Synthesis by Coprecipitation from Aqueous Solu­
tion.
An unsupported 1:1:1 Fe-Te-Se oxide catalyst was 
prepared by coprecipitation from aqueous solution following 
a method reported by Grasselli et al. [1984]. 12.44 g of
Te02 was oxidized directly with 10 g of 30% aqueous H2 02 at 
80 °C for 1.5 h. 8.65 g of Se02 dissolved in 20 g 
distilled water was added. The resulting solution was 
mixed with a solution of 31.47 g iron(III) nitrate and 0.8 
g KN03 in 50 g H2 O. Ammonium hydroxide was then added 
slowly with stirring until the pH was about 3.0 and the 
precipitate evaporated to dryness over a water bath. 
Subsequently, the solid was dried overnight at 120 °C and 
then calcined at 290 °C for 3.5 h and at 390 °C for an 
additional 3.0 h. The calcined solid was ground in a ball 
mill for 48 h. This final solid product was designated as 
catalyst a. Catalyst 0 (Fe-Te oxide) was also prepared by 
a similar technique except that no Se02 was added.
II-3.1.3 Synthesis by Solid State Thermal Reaction.
Three different catalysts were synthesized by solid 
state thermal reaction. Two catalysts designated catalyst 
T and © were prepared by a method previously reported by 
Shyr and Price [1984]. Catalyst t , with a 1:1 iron to
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tellurium ratio was prepared by calcining Fe(OH)x and TeOs 
at 400 °C for 24 h. Catalyst 6 , having a 1:2 Fe to Te 
ratio, was synthesized using the same technique with the 
calcination time increased to 109 h. Catalyst 5 was 
synthesized by firing pressed pellets of an equimolar 
mixture of Fe2 03 and TeC>2 at 800 °C and 1 atm for 60 h 
[Bayer, 1962] and grinding the product in a ball mill for 
48 h.
II-3.1.4 Catalysts
Table II-6 summarizes the catalysts used in this study. 
Hereafter, the catalysts synthesized by hydrothermal 
crystallization, coprecipitation from aqueous solution, and 
solid state thermal reaction will be refered to as 
hydrothermal catalysts, coprecipitated catalysts and 
solid-state reaction catalysts, respectively.
II-3.2 Characterization.
II-3.2.1 Physical Characterization.
II-3.2.1.1 Optical and Scanning Electron Microscopy.
The catalyst was placed on a glass slide and slurried 
with about two drops of distilled water. A cover glass was 
placed over this slurry and the slide examined under the 
microscope at 400 magnification. A polarizer was placed in 
the path of the vertical light beam and the sample viewed 
while rotating the polarizer.
II-3.2.1.2 Surface Area Measurements.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
73





Solid state reaction 
Catalysts
Catl-GOO Catalyst a Catalyst r









Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
74
Surface area of the catalysts was measured by N2 
adsorption at -195.5 °C using the volumetric adsorption 
apparatus (section II-2.2.2) In general, a known amount of 
catalyst was placed in a glass bulb connected to a 6 mm 
pyrex tube. The catalyst was degassed at about 110 °C for 
two hours and then immersed in a liquid nitrogen bath 
throughout the experiment. The dead volume was determined 
by helium expansion using the ideal gas law and the bulb 
was re-evacuated. A known amount of nitrogen was 
equilibriated with the catalyst and the amount of nitrogen 
adsorbed on the catalyst was calculated from the difference 
between the initial amount of N 2 added and the amount of N2 
present in the gas phase after adsorption. The B.E.T. 
method was used to determine the surface area from the 
adsorption isotherm. Figure II-9 shows a typical B.E.T. 
plot. The surface area (S.A.) in mz per gram of catalyst 
was determined from the slope (S) and intercept (I) by the 
equation
S.A. = (4.35/( S + I )) * weight of the catalyst.
II-3.2.2 Chemical Analysis.
II-3.2.2.1 Iron and Tellurium Analysis by Atomic Absorption 
Spectroscopy.
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Only the catalysts synthesized by hydrothermal 
crystallization were analyzed thoroughly by atomic
absorption spectroscopy.
Standard solutions of tellurium and iron were prepared 
for Atomic Absorption (AA) analysis. 0.045 g of telluric 
acid (H2Te04 *2HzO) was dissolved in 250 ml water which
resulted in a solution containing 100 ppm Te. Repeated 
dilution of 25 ml of this solution gave three tellurium 
standards of 50, 25 and 12.5 ppm. 4.9778 g of ferrous(II)
sulfate (FeS04 *7H2 0) was dissolved in 1000 ml water giving
a solution containing 1000 ppm Fe. Repeated dilution of 25 
ml of this solution gave three iron standards of 10, 5 and 
2.5 ppm.
Tellurium interference for iron and vice versa was 
tested with the following procedure. 5 ppm Fe solution was 
prepared by mixing 25 ml 10 ppm Fe and 25 ml 25 ppm Te 
solutions and tested for iron concentration. A 12.5 ppm of 
Te solution was prepared by mixing 25 ml 50 ppm Te and 25 
ml of 10 ppm Fe solutions and tested for tellurium 
concentration. No significant differences were found in 
the measured and known concentrations.
Typically, 0.04 g of powdered sample was dissolved in 
10 ml of 1:1 HC1 and then diluted to 250 ml. For Te 
determination, 50 ml of the above solution was diluted to 
100 ml while for Fe determination, 25 ml of the above 
solution was diluted to 250 ml. Three to five readings 
were taken for each sample and averaged.
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XI-3.2.2.2 Fe, Te, Se, and Na determination by EDAX Anal­
ysis.
Figure 11-10 illustrates a typical EDAX plot and Table 
II-7 shows a typical output from the composition analysis 
by the Z.A.F. method. Both the nature of the EDAX plot and 
the Z.A.F. method were described earlier in section 
II-2.2.6. The molar ratio of the elements was determined 
from the weight ratios.
II-3.2.3 Structural Characterization.
II-3.2.3.1 Infrared Spectroscopy.
The infrared spectra of the catalysts were recorded at
ambient conditions by preparing a wafer of the catalyst in
a KBr matrix. For examination of the reduced catalyst, the 
catalyst was removed from the reactor in an argon glove 
box. A mixture of reduced catalyst and KBr was placed in a 
pelletizer die in the glove box. The die was removed from 
the glove box and a wafer was prepared immediately and the 
IR spectrum recorded. No changes were observed in the IR 
spectrum of the reduced catalyst recorded after immediate 
removal from the glove box and the spectra obtained after
15, 30 and 45 mins exposure of the wafer to ambient
conditions
II-3.2.3.2 X-ray Powder Diffraction.
CuKa radiation (wavelength 1.54059 A) was generally 
used to obtain the x-ray powder diffraction patterns. A 2° 
divergent slit and 4° scatter slit were used on the source
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Figure 11-10 Typical EDAX plot of Fe-Te mixed oxide catalyst 
prepared by hydrothermal crystallization.
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Table II-7. Typical output from EDAX analysis by the Z.A. 
F. method.
LIST-%-ZAF:
LABEL = PHASE 2 P 2 
08-NOV-88 14:45:47
200.001 LIVE SECONDS 
KV=15. TILT=40. TKOFF=57.
ZAF CORRECTION
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while 0.5 nun diffracted beam scatter slit and 0.3 mm 
diffracted beam reference slit were placed in front of the 
detector. Patterns were obtained at 0.05° step interval. 
Data was collected from 5° to 70° with no bands observed 
outside this range. CuKo(2 stripping was performed using 
data analysis routines.
CuKP (wavelength 1.39222 A) radiation was also used to 
obtain powder diffraction patterns which were indexed using 
Scintag's LATCON software. Quartz was used as the external 
standard to correct the peak shifts due to instrumental 
parameters.
The POW10 powder pattern simulator was used to simulate 
the x-ray powder diffraction pattern of Fe2Te0e. Bayer 
[1962] concluded, by comparison of the x-ray powder 
diffraction pattern of Fe2 Te06 with other compounds 
possessing trirutile structures, that Fe2 Te06 possesses a 
trirutile structure. The powder pattern was indexed and 
the lattice constants were determined as a=4.59, b=4.59 and 
c=9.125 A. ZnSb2 0s possesses a trirutile structure 
[Galasso, 1970] and has a space group P42/mnm. The atomic 
positions and the number of atoms of the Zn, Sb, and O in 
this structure are listed in Table II-8 [Galasso, 1970] . 
The atoms in the asymmetric unit were determined from the 
structure and the symmetry positions as Zn at (0, 0, 0)
with a site occupation factor (SOF) of 0.125, Sb at (0, 0, 
0.33) with a SOF of 0.25, O at (0.303, 0.303, 0) with a SOF 
of 0.25 and O at (0.303, 0.303, 0.328) with a SOF of 0.5.
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Table II-8. Atomic positions of Zn, Sb and 0 atoms in tri­
rutile ZnSb2 0B [Galasso, 1970] .
# of Atoms Type of Atoms Positions
2 Zn 0 0 0, H H J5
4 Sb ± ( 0 0 z ; M H z+J4 ) with z=J$
4 0 ± ( X X 0 ? x+J4 H-x J4 )
8 0 ± ( X X z ; x x z ; x+JS JS-x
z+JS ; K-x x+J5 z+JS )
with a: =0.308, z= 0.328
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To simulate the x-ray powder pattern of FeaTeOs, the 
space group and the atomic positions of the various atoms 
of the assymetric unit of Fe2 TeOs were determined by 
replacing the Zn and Sb atoms by the Fe and Te atoms, 
respectively.
II-3.2.4 Catalytic Characterization.
II-3.2.4.1 1-Butene Reaction Studies.
Catalysts synthesized by hydrothermal crystallization 
were investigated in detail because they were found to be 
active and selective (particularly in absence of gas phase 
oxygen) for the oxidation of 1-Butene. The solid state 
reaction catalysts were not investigated in detail because 
of their poor activity, but are mentioned because of the 
presence of well defined phases of Fe Te oxide in these 
catalysts.
II-3.2.4.1.1 Catalyst Pretreatment for 1-Butene Oxidation 
over Hydrothermal and Solid State Reaction 
Catalysts.
For hydrothermal catalysts weights corresponding to 
12.7 m8 surface area were used for each experiment. In 
studies of solid state reaction catalysts 1.0 g of catalyst 
was used in each case. Prior to each experiment, the 
catalyst was activated with a mixture of 100 torr oxygen 
and 720 torr helium at 400 °C for 2 h followed by a 0.5 h 
evacuation period. The reactor section was then filled 
with 820 torr helium and the recirculation loop evacuated.
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II-3.2.4.1.2 Reaction Studies.
100 torr of 1-butene was introduced in the system and 
frozen by liquid nitrogen in the U-tube section. If oxygen 
was used in the catalytic reaction, the required amount was 
added and the total pressure raised to about 720 torr by 
diluting with helium. When the 1-butene was thawed the
total system pressure was about 820 torr. The reactants
were premixed for 5 mins by recirculating the mixture with
the reactor bypassed. After mixing, the reactor was
brought on stream and the mixture analyzed immediately with 
an on-line GC. Thereafter, the reaction products were 
analyzed at 0.5 h intervals.
In experiments to determine the effects of water, a
slightly higher quantity of 1-butene was used initially to 
compenstate for the expansion in void volume over the water 
trap. After mixing the reactants, both the reactor and the 
water trap were brought on stream and the mixture analyzed 
immediately and at 0.5 h intervals thereafter. The initial 
partial pressure of water due the cold trap is
approximately 4.8 torr which corresponds to the vapor
pressure of water at 0 °C.
II-3.2.4.2 Propylene Reaction Studies.
At first, catalysts prepared by solid state reaction
catalysts were examined for propylene oxidation to 
acrolein. When no acrolein was produced over these 
catalysts, other catalysts synthesized by hydrothermal
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crystallization were examined. These catalysts also 
produced no acrolein. Thus, the solid state reaction 
catalysts or hydrothermal catalysts were not examined in as 
detail because of their zero selectivity to acrolein. 
However, the solid state reaction catalysts are mentioned 
because of the presence of well defined phases of Fe-Te 
oxide in these catalysts.
Propylene oxidation reaction studies were carried out 
in detail only over catalyst a prepared by the 
coprecipitation technique because of the high selectivity 
to acrolein over this catalyst. Since the coprecipitated 
catalyst was found to deactivate rapidly, fresh catalyst 
was used for each reaction except when it was necessary to 
demonstrate its deactivation.
II-3.2.4.2.1 Catalyst Pretreatment for Propylene Oxidation 
over Hydrothermal and Solid State Thermal 
Reaction Catalysts.
The catalysts prepared by hydrothermal crystallization 
and solid state thermal reaction were activated at 500 °C 
for 2 h with a mixture of 100 torr oxygen and 720 torr 
helium followed by a 0.5 h evacuation period. The high 
activation temperature was used because the catalysts were 
investigated in the temperature range 400 - 500 °C. The 
reactor section was then filled to 820 torr with helium and 
the recirculation loop evacuated.
II-3.2.4.2.2 Catalyst Pretreatment for Propylene Oxidation 
over Coprecipitated Catalysts.
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The coprecipitated catalysts were activated at 310 °C 
for 1 h with a mixture of 100 torr oxygen and 720 torr 
helium. For these catalysts, a low activation temperature 
was used because these catalysts were active and selective 
in the temperature range of 270-310 °C and were not 
subjected to temperatures higher than 390 °C, which
corresponds to the final temperature these catalysts were 
calcined during their preparative procedure. The reactor 
was then bypassed and the recirculation loop evacuated. 
This ensured that the catalyst was maintained in an 
oxidizing environment at all times, because volatilization 
of catalyst components was a problem when the oxygen was 
removed.
II-3.2.4.2.3 Reaction Studies.
100 torr of propylene was introduced into the evacuated 
system and frozen by liquid nitrogen in the U-tube. If 
required, the appropiate amount of oxygen was added and the 
total pressure raised to 720 torr by diluting with helium. 
When the propylene was thawed, the total system pressure 
was approximately 820 torr. The reactants were premixed 
for 5 mins by recirculating the mixture with the reactor 
bypassed. After mixing, the reactor was brought on stream 
and the mixture analyzed immediately with an on-line GC. 
Thereafter, the reaction products were analyzed at 0.5 h 
intervals. After the reaction, the reactants and products 
were evacuated from the system and the catalyst quenched to
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room temperature under helium.
II-3.2.4.3 Isotopic Tracer Experiments.
Isotopic tracer experiments were carried out in the 
same recirculation batch reactor system described earlier.
1 8 O2 - 1 6 0 g isotopic exchange reaction and 1 8 02 /
I -butene oxidation were carried out over selected catalysts 
prepared by hydrothermal crystallization because of the 
difference in selective behavior of these catalysts for the 
oxidation of 1 -butene in the presence and absence of gas 
phase oxygen. The isotopic exchange reaction permits us to 
evaluate the ability of catalysts to activate molecular 
oxygen by monitoring the fraction of 1 6 0 *a 0  in the gas 
phase.
18 O2 / propylene and deuterated propylene oxidation were 
carried out over catalyst a prepared by coprecipitation 
technique. No isotopic exchange reaction were carried out 
over this catalyst because of its high selectivity to 
acrolein even in the presence of gas phase oxygen.
II-3.2.4.3.1 18O* / 18Oi Exchange reaction.
The activation procedure for the catalyst was identical 
to that described earlier. A 50 torr 1 0 O2 / 50 torr 1 6 02 
mixture was diluted to 820 torr with helium and premixed 
prior to bringing the catalyst online. Samples were 
withdrawn from the reaction mixture in a pre-evacuated 
glass tube at 0.5 h intervals for GC - MS analysis. The 
distribution of oxygen-18 in the gaseous oxygen was
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determined assuming the same ionization efficiency for 
16C>2 , 1 802 , and 1 ®O1 80. Approximately 3.5% of the reaction 
mixture was removed from the system at each sampling.
II-3.2.4.3.2 18Os / 1-Butene Oxidation.
A mixture of 15 torr 1802 and 100 torr 1-butene diluted 
to 820 torr with helium was reacted over selected catalysts 
at 370 °C and 400 °C. Samples were withdrawn as before and 
analyzed by MS for oxygen-18 content of the carbon dioxide 
product.
II-3.2.4.3.3 18O s / Propylene Oxidation.
The activation procedure for the catalyst was identical 
to that described earlier. The required amount of 
propylene was introduced into the reactor system and frozen 
by liquid nitrogen in the U-tube section. After addition 
of oxygen-18, helium was added to raise the pressure to 
about 720 torr. When the propylene was thawed the total 
system pressure was approximately 820 torr. The reactants 
were premixed for 5 mins and the reactor brought on stream. 
The sample was analyzed immediately with the on-line GC. 
Samples were withrawn in a pre-evacuated glass tube at 0.5 
h intervals and analyzed by GC-MS for distribution of 
oxygen-18 in the carbon dioxide and acrolein product. 
Approximately 3.5% of the reaction mixture was removed from 
the system at each sampling.
II-3.2.4.3.4 Perdeuterated Propylene Oxidation.
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Deuterated propylene reactions were carried out over 
catalyst a in a manner identical to that of reaction 
studies but using perdeuterated propylene. The analysis of 
the reaction products was accomplished with the on-line GC.




Ill-1.1.1 Optical and Scanning Electron Microscopy.
Optical microscopic examination of catl-gOO and cat4-g00 did not 
reveal the presence of crystals larger than 1 micron. Figure III— 1 shows 
the optical micrographs of cat2-g00 and cat3-g00. Two different types 
of crystal morphologies were observed in these mixed oxides. Along with 
a fine crystalline material, cat2-g00 showed the presence of rod-like 
crystals in the 5-10 micron range. These crystals exhibited anisotropic 
behavior when viewed with polarized light which is a characteristic 
property of a material with a non-cubic crystalline structure. Figure
III—2 shows the scanning electron micrograph with the corresponding 
EDAX plot of cat2-g00. The 3-D appearance of the image (characteristic 
of an electron micrograph) indicates the crystals in this oxide are flatter 
and more plate- than rod-like, as deduced earlier from optical 
microscopic examination. Cat2-g00 was tested for thermal stability by 
calcining at different temperatures for 12 h and examining the calcined 
powder by optical microscopy. Crystals were still present in the oxide 
calcined at about 640 *C but total decomposition of the crystal 
morphology was found to occur at 760 *C. Figure III-3 shows the 
scanning electron micrograph of cat2-g48 at two different magnifications. 
The micrograph is also typical of that for catl-g48, and simply shows 
that the grinding operation reduces cat2-g00 to a fine powder.
Cat3-g00 consisted primarily of single crystal particles in the 6-20 
micron range. These crystals show isotropic behavior Indicating that the
89
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Figure Ill-i Optical micrographs of a) cat2-g00 and b) cat3-g00
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1 micron
100 80 60 402
Figure III-2 Scanning electron micrograph and corresponding 
EDAX plot of cat2-g00.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
92
1 micron
(b) *—  1 micron
Figure III-3 Scanning electron micrographs of cat2-g4B at two 
different magnifications, a) X 2200 and b) X 5300
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structure is possibly cubic. Optical microscopy indicated these crystals 
to be hexagonal but Figure III—4, which shows the scanning electron 
micrograph with the corresponding EDAX plot of cat3-g00, Indicates a 
cubic morphology of these crystals. This apparent difference is due to a 
better image resolution of the electron micrograph.
Cat2-g48, deactivated by reduction with 1-butene at 400 ‘C, was 
examined by scanning electron microscopy. Two distinct phases were 
observed in this catalyst. Figures III-6a and III—6b illustrate the 
micrographs with the corresponding EDAX plots of the two phases found 
in the deactivated catalyst.
Ill-1.1.2 Porosity and Surface Area.
Figures III—6 and III—7 give the N2 adsorption-desorption isotherms 
for catl-gOO and cat2-g00, respectively and Table III— 1 lists the pore 
size distribution of these catalysts determined by the desorption
Isotherms. There are no micropores (< 60 A) for either catalyst. Figure
III—8 presents the pore size distribution of cat2-g00 obtained by mercury 
porosimetry. The average pore diameter is 10,000 A and there are no 
significant pores with diameter less than 1000 A. Additional information 
for the pore radius was estimated from pore volume and surface area 
measurements. The pore volume (V0) of cat2-g00 powder from Hg 
porosimetry was 0.92 cc/g while its surface area (S0) (from B.E.T 
measurements) was 11 m2/g. The average pore radius, estimated by 
2Vo/S0, is approximately 0.15 microns. Similarly, for catl-gOO with a 
pore volume of 0.92 cc/g and a surface area of 14 m a/g the average pore 
radius was estimated as .13 microns. These computed pore sizes are
roughly the expected sizes of lntersticies between 1 micron particles.
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Figure III-4 Scanning electron micrograph with corresponding 
EDAX plot of cat3-g00.
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Figure III-5a Scanning electron micrograph with corresponding 
EDAX plot of phase I in deactivated cat2-g48.
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Table III-l Pore volume vs pore radius for catl-gOO and 
cat2-g00 from Nt desorption isotherm.
Pore volume ( cc/g )
Pore radius ----------------------------
(A) Catl-gOO Cat2-g00
> 300 0.0232 0.0117
300 - 200 0.0162 0.0034
200 - 100 0.0178 0.0028
100 - 50 0.0085 0.0018
50 - 40 0 0
40 - 30 0 0
30 - 20 0 0
20 - 10 0 0
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Figure III-8 Pore size distribution of cat2-g00 using mercury 
porosimetry.
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Furthermore, a surface area of 14 m2/g for catl-gOO (density = 4.52
g/cc) also corresponds approximately to an average particle diameter of 
about 1000 A. If these particles were porous the surface area of
catl-gOO would have been significantly higher but surface areas In the 
10-15 m2/g range Indicates at least some degress of surface roughness. 
The same reasoning applies to cat2-g00. Thus, data from both mercury 
porosimetry and N2 adsortlon Isotherms indicate that catalysts catl-gOO 
and cat2-g00 are non-porous.
The surface areas of the pretreated and treated catalysts are listed 
in Table III-2. An extremely low value of surface area of cat3-g00 
indicates a non porous nature of this catalyst. Grinding catl-gOO and 
cat2-g00 in a ball mill did not alter the surface area significantly. In
fact, a large grinding period (> 72 h) reduced the surface area of
catl-gOO by about 45%. In general, grinding should increase the area of 
non-porous solids. Then, the decrease in surface area of catl-gOO can 
only be explained as occuring due to aggregation of extremely fine 
particles which are the product of hydrothermal crstallization. 
Calcination temperatures greater than 400 *C resulted in a 64% reduction 
in surface area for cat2-g00. In case of cat2-g48, no significant change 
was found in the surface area after it was deactivated which indicates 
that the deactivation of this catalyst cannot be attributed to a change 
In Its surface area.
m -1.1 .3  Chemical Analysis.
Chemical analyses of the catalysts prepared by hydrothermal 
crystallization are listed in Table III—3. For catl-gOO, catl-g48, 
cat2-g00 and cat2-g48 the molar ratios by EDAX analysis was found to
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Table III-2 Surface areas (m2/g) of catalysts prepared by 
hydrothermal crystallization.
Catalyst Untreated Cal 400 °C Cal 500 °C Cal 600 °C
( 2 h ) ( 12 h ) ( 12 h )
Catl-gOO 14.0 13.9 - -
Catl-g48 13.5 12.7 - -
Catl-g62 11.5 10.5 - -
Catl-g72 8.5 8.3 - -
Cat2-g00 11.0 9.1 5.3 3.3
Cat2-g48 9.3 8.4 - -
Cat3-g00 0.4 - 2.4 -
Cat4-g00 9.4 6.4 —
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Table III-3 Chemical analysis of catalysts prepared by 
hydrothermal crystallization.
Catalyst
Atomic Absorption EDAX molar analysis
Fe Te Fe Te Na
Catl-gOO 2.0 1.0 1.6 1.0 1.0
Catl-g48 - - 1.7 1.0 1.1
Cat2-g00 1.9 1.0 1.6 1.0 0.6
Cat2-g48
fresh - - 1.5 1.0 0.6
deactivated8
Phase 1 - - 0.9 1.0 0.6
Phase 2 - - 0.0 0.2 2.5
Cat3-g00 1.3 1.0 1.3 1.0 1.0
Cat4-g00 1.0 1.0 4.5
aEDAX analysis of two distinct phases found in the deacti­
vated catalyst cat2-g48 ( Figures III-5a and III-5b )
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differ from that obtained by atomic absorption spectroscopy. This 
difference may be partly due to the dependency of the EDAX analysis on 
the surface roughness since for well crystallized cat3-g00, there is good 
agreement in the Fe-Te ratio from both analytical methods. Sodium was 
found to be a component of all the catalysts. Catalysts catl-gOO, 
cat3-g00 and cat4-g00 had a higher fraction of sodium compared to that 
found in cat2-g00. The chemical analysis by EDAX of the two phases 
detected by scanning electron microscopy in deactivated catalyst 
cat2-g48 reveal that the composition of the two phases differ 
significantly from the original catalyst. One phase (Figure III-5a) has a 
Fe/Te/Na ratio of 1/1/0.6 while the other (Figure III—6b) apparently has 
no iron, and a Te/Na ratio of 0.2/2.5.
Table III—4 lists the atomic weight and molar ratio of iron and 
tellurium in cat2-g00 calcined at different temperatures. The absolute 
weight percent of iron and tellurium in the calcined cat2-g00 did not 
vary significantly indicating that no volatile component, such as water, 
is present in the crystals of this catalyst.
Ill-1.2 Coprecipitated Catalysts.
Deactivation of catalyst a was postulated to occur due to loss of Se 
from the catalyst. To verify this, both fresh and deactivated catalyst a 
were examined by EDAX analysis for Se content. Table III—6 lists the 
chemical composition of the fresh and deactivated catalyst a. The bulk 
chemical composition of fresh catalyst is not significantly different from 
the deactivated catalyst, but the selenium content appears to be low in 
light of the initial ratio of 1:1:1 Fe:Te:Se used to synthesize this 
catalyst. The possible reasons for this are discussed later.
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Table III-4 Iron - Tellurium ratio of cat2-g00 calcined at 
different temperatures.
Wt % Fe Wt % Te Fe / Te 
( Molar ratio)
Untreated 28.8 36.4 1.9
400 °C (12 h) 29.1 36.0 1.8
640 °C (12 h) 31.5 41.8 1.9
750 °C (12 h) decomposed
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fresh 0.9 1.0 0.3 13.8
“deactivated 0.9 1.0 0.3 15.3
“after catalytic reaction at 310 °C
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Catalyst 3 had a surface area of 37.3 1112/g. No EDAX analysis were 
performed for this catalyst because of its low activity and zero 
selectivity to acrolein.
Ill-1.3 Solid State Reaction Catalysts.
Table III-6 lists the physical properties of catalysts synthesized by 
solid state thermal reaction. The surface areas of the catalysts 
prepared by this technique are found to be lower than those prepared by 
either coprecipitation or hydrothermal crystallization.
Ill—2 Infrared Spectroscopy.
Ill—2.1 Hydrothermal and Solid State Reaction Catalysts.
Figure III—9 illustrates the Infrared spectra of cat3-g00, cat4-g00, 
catalyst r, catalyst 6, and catl-gOO. There is no similarity between any 
of these spectra indicating a substantial difference in metal-oxygen bond 
properties of these catalysts. Peaks due to Fe2TeOe [Bayer, 1962] are 
observed in catalyst 5 which contains this phase of Fe-Te oxide.
Figure III—10 gives the infrared spectra of catl-gOO and cat2-g00. 
For comparative purposes the infrared spectra of a 2:1 Fe-Te mixed 
oxide prepared by hydrothermal crystallization using telluric acid, 
H2TeC>4-2H20 (Te+VI), as a source of tellurium is also presented. These 
three compounds show nearly Identical infrared spectra with IR bands at 
798.2, 769.3, 734.6, 692.5, 644.3, 553.6 and 503.7 cm"1.
Figure III-11 shows the infrared spectra of catl-gOO, catl-gl6, 
catl-g48, catl-g51, catl-g62 and catl-g72. In general, as the grinding 
time nxxn is increased, a decrease in relative intensities of the IR bands 
is observed. Furthermore, it appears that an additional band, with a 
frequency lower than 769.3 cm-1, develops as the catalyst is ground.
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Table III-6 Physical properties of catalysts r, 0 and 5
Catalyst Surface Area (m2 /g) Phases Present
T 3.1 Fe2 Tea Os , Te02 , Fe2 Oa
© 2 . 6 Fe2 Te3 Os , Te02
5 2.7 Fe2 TeOe , Fe2 O3





1000 9 0 0 8 0 0 7 0 0 6 0 0 5 0 0 4 0 0
wavenumber (cm-1)
Figure III-9 Infrared spectra of a) cat3-g00, b) cat4-g00, c) 
catalysty, d) catalyst £ and e) cat 1-gOO.







1000 9 0 0 8 0 0 7 0 0 6 0 0 5 0 0 4 0 0
wavenumber (cm -1)
Figure 111-10 Infrared spectra of a) a 2: 1 Fe-Te mixed oxide
synthesized by hydrothermal crystallization using 
Telluric acid ( H2Te04.2H20 ) as a source of Te. 
b) cat2-g00 and c) cat1-gOO.
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1000 9 0 0 8 0 0 7 0 0 6 0 0 5 0 0 4 0 0
wavenumber (cm-1)
Figure III-ll Infrared spectra of a) catl-gOO. b) catl-glB, c) 
catl-g48, d) catl-g51, e) catl-g62, and f) catl- 
072.
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Figure III—12 shows similar results for cat2-g00. In addition Figure 
III-12 also shows the infrared spectra of cat2-g48 deactivated by 
reduction with 1-butene and that of cat2-g48 over which a series of 
1-butene oxidation reactions were carried out in presence of gaseous 
oxygen. As observed in the case of catl-gOO, it appears that a band, 
with a frequency lower than 769.3 cm-1, develops as cat2-g00 is ground 
or when it is deactivated.
III-2.2 Coprecipitated Catalysts.
Figure III-13 shows the infrared spectra in the range of 400 to 1000 
cm-1 of catalyst 3 and fresh, deactivated and calcined catalyst a. The 
absorption bands are very broad but a band at 860 cm-1 is clearly 
evident in spectrum a (fresh catalyst a) and spectrum d (catalyst a, 
calcined). Se-0 vibrational bands have been assigned at 856 mitK tb) 
and 823 cm-1(TaB) [Valkonen, 1986). The absence of this band in both 
deactivated catalyst a (spectrum b) and catalyst p (spectrum c) indicates 
the probable participation of Se-0 bonds in the reaction. Furthermore, 
calcination at 500 *C does not result in the loss of this band implying 
that the loss only occurs when the catalyst is reacted or reduced with 
propylene.
III-3 X-ray Diffraction. 
m -3.1  Hydrothermal Catalysts.
The x-ray powder diffraction patterns of cat2-g00, cat3-g00 and 
cat4-g00 are presented in Figure III-14. All three catalysts have 
significantly different diffraction patterns indicating a substantial 
difference in their crystalline structure. Figure III-15 shows that 
catl-gOO and cat2-g00 have essentially identical x-ray powder
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Figure 111-12 Infrared spectra of a) cat2-g00. b) cat2-g48, c) 
deactivated cat2-g4B, and d) cat2-g4B after a se­
ries of i-butene oxidation reactions in presence 
of gas phase oxygen.







1000 9 0 0 8 0 0 7 0 0 6 0 0 5 0 0 4 0 0
wavenumber (cm -1 )
Figure 111-13 Infrared spectra of a) catalyst x. b) deactiva­
ted catalyst x, c) catalyst . and d) catalyst x 
calcined at 500 C for 2 h.
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diffraction patterns, indicating that there are no significant differences 
in the bulk crystalline structures of these two compounds.
Search match routines using JCPDS powder diffraction files (inorganic 
phases, 1987; Sets 1-37) failed to identify the presence of any known 
single phases of iron or tellurium or phases of iron-tellurlum mixed 
oxides in these catalysts. Further attempts to find other mixed oxides 
with similar x-ray powder patterns were unsuccessful. However, the 
x-ray powder patterns of lithium bismuth tellurium oxide and cadium 
iron germanium oxide compounds having a garnet-type structure (Figure 
III-16) were observed to have a close resemblence to the cat3-g00 
pattern.
The powder patterns of cat2-g00, cat3-g00 and cat4-g00 have been 
successfully indexed and Tables III-7, 8, and 9 list the indexed powder 
patterns of these compounds, respectively. Both cat2-g00 and cat3-g00 
were Indexed in the orthorhombic system with lattice parameters a=11.69, 
b=14.06 and c=18.54 A for cat2-g00 and a=12.49, b=12.53, and c=12.64 
A for cat3-g00. Cat4-g00 was indexed in the tetragonal system with 
lattice parameters a=b=11.98 and c=17.51 A. Table III— 10 shows the 
crystal data for cat2-g00, cat3-g00 and cat4-g00.
Figure III-17 compares the X-ray diffraction patterns of catl-gOO, 
catl-g48, catl-g51 and catl-g72. The grinding of catalysts catl-gOO 
resulted in only minor changes in the X-ray powder patterns. No shift 
or appearance of any new diffraction bands was observed. However the 
relative Intensities of the bands were found to decrease and the bands 
became broader as the grinding time was increased Indicative of the 
production of microcrystalline material. Similarly, no differences were 
apparent in the diffraction patterns of cat2-g00 and cat2-g48.
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Figure 111-16 Comparison of the x-ray powder diffraction pattern of cat3-g00 with the patterns of compounds having a garnet-type structure
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Table III-7. Indexed X-ray powder diffraction pattern for
cat2-g00









1 0 2 10.988 10.982 7.271 7.275 163
1 2 1 13.956 13.970 5.730 5.724 290
- - - 18.001 - 4.450 - 35
0 3 2 19.173 19.189 4.180 4.177 184
2 2 2 19.855 19.816 4.038 4.045 317
1 4 2 25.443 25.458 3.161 3.159 20
- - - 25.811 - 3.117 - 17
0 5 1 29.074 29.063 2.773 2.774 111
1 4 4 29.608 29.637 2.724 2.722 579
1 5 2 30.831 30.842 2.619 2.618 157
4 3 1 32.896 32.885 2.459 2.459 37
2 1 7 34.028 33.995 2.379 2.381 31
0 6 1 34.891 34.923 2.322 2.320 23
4 3 3 35.195 35.187 2.302 2.303 16
5 2 0 36.534 36.528 2.221 2.221 28
1 6 3 37.811 37.780 2.148 2.150 20
4 4 4 40.297 40.259 2.021 2.023 13
6 0 0 41.767 41.798 1.953 1.951 28
4 5 3 42.399 42.397 1.925 1.925 24
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Table III-7. (continued)




D - SPACINGS INT(CPS) 
OBS CALC
5 2 5 42.837 42.836 1.906 1.906 87
4 2 8 46.560 46.582 1.761 1.761 29
3 3 9 48.411 48.363 1.698 1.699 21
3 6 6 48.835 48.858 1.684 1.683 19
3 8 1 51.850 51.799 1.592 1.594 87
7 1 4 52.873 52.865 1.564 1.564 32
2 8 5 54.085 54.104 1.531 1.531 91
2 8 6 56.271 56.262 1.476 1.476 20
2 2 13 61.568 61.508 1.360 1.361 33
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Table III-8. Indexed X-ray powder diffraction pattern for
cat3-g00.




D - SPACINGS 
OBS CALC
INT(CPS)
1 2 1 15.555 15.558 5.144 5.143 112
0 2 2 18.062 18.069 4.435 4.433 881
3 1 2 24.050 24.057 3.341 3.340 89
4 0 0 25.730 25.705 3.126 3.129 529
4 0 2 28.813 28.850 2.798 2.794 380
3 2 3 30.244 30.280 2.668 2.665 114
4 2 2 31.605 31.601 2.556 2.557 863
5 1 0 32.928 32.931 2.456 2.456 40
0 4 4 36.626 36.608 2.215 2.216 45
6 2 0 41.118 41.135 1.982 1.981 225
2 7 0 47.227 47.216 1.738 1.738 98
2 7 2 49.143 49.150 1.674 1.674 609
8 0 0 52.812 52.833 1.565 1.565 103
8 2 2 56.331 56.301 1.475 1.475 91
0 9 1 59.708 59.711 1.398 1.398 146
7 6 0 61.346 61.351 1.365 1.364 41
6 4 6 62.962 62.980 1.333 1.333 97
4 9 1 66.088 66.084 1.277 1.277 32
10 0 2 69.119 69.125 1.227 1.227 53
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Table III-9. Indexed X-ray powder diffraction pattern for
cat4-g00.




D - SPACINGS 
OBS CALC
INT(CPS)
1 0 2 11.347 11.303 7.041 7.069 19
- - - 11.602 - 6.887 - 36
2 0 1 14.201 14.113 5.632 5.666 15
2 1 0 14.935 14.935 5.356 5.356 1436
0 0 4 18.283 18.296 4.382 4.378 158
2 2 0 18.912 18.924 4.237 4.234 9
2 1 3 20.310 20.318 3.948 3.947 164
4 0 0 26.961 26.887 2.986 2.994 190
3 3 2 30.076 30.031 2.683 2.687 11
4 2 1 30.504 30.490 2.646 2.647 144
2 0 6 30.765 30.770 2.624 2.624 280
3 0 6 34.419 34.366 2.353 2.356 175
5 3 1 39.982 39.903 2.036 2.040 12
3 3 6 40.135 40.125 2.029 2.029 12
4 2 6 41.300 41.311 1.974 1.973 40
6 1 3 43.856 43.814 1.864 1.866 182
4 0 8 46.459 46.395 1.765 1.767 27
7 0 0 48.063 48.014 1.709 1.711 18
5 3 6 48.963 48.963 1.680 1.680 18
3 0 10 51.446 51.447 1.604 1.604 12
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Table III-9. (continued)




D - SPACINGS INT(CPS) 
OBS CALC
5 4 6 52.435 52.464 1.576 1.575 35
4 0 10 54.736 54.834 1.514 1.512 57
6 4 5 55.201 55.271 1.502 1.501 21
8 0 0 55.430 55.417 1.497 1.497 25
6 1 8 56.795 56.783 1.464 1.464 50
0 0 12 57.013 56.974 1.459 1.459 56
6 3 7 57.151 57.238 1.455 1.453 51
6 4 8 63.520 63.483 1.322 1.323 15
9 1 0 63.629 63.513 1.320 1.323 19
5 1 11 63.779 63.766 1.318 1.318 22
4 0 12 64.086 64.092 1.312 1.312 32
6 6 5 64.203 64.242 1.310 1.309 31
6 6 6 66.395 66.434 1.271 1.271 13
10 1 2 72.192 72.242 1.182 1.181 18
6 0 12 72.376 72.434 1.179 1.178 23
9 0 7 72.631 72.667 1.175 1.175 25
10 2 1 72.928 72.890 1.171 1.172 11
7 7 4 73.313 73.301 1.166 1.166 11
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ao (A) 11.708(5) 12.517(3) 11.977(7)
bo (A) 14.209(8) 12.665(3) 11.977(7)
Co (A) 18.569(12) 12.415(5) 17.514(9)
a ( ) 90 90 90
P ( ) 90 90 90
T ( ) 90 90 90
V (A)3 3050.2 1968.2 2512.3
Da Dll 4.48(2) 4.52(3) 2.38(2)
































Figure 111-17 X-ray powder diffraction patterns of a) catl-gOO. b) catl-g48 
c) catl-g51 and d) catl-g/2.
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To determine if there were phase transitions when cat2-g00 was 
treated at higher temperatures (> 180 *C, preparation temperature), it 
was calcined at different temperatures and examined by x-ray 
diffraction. Figure 111-18 compares the x-ray powder diffraction patterns 
of cat2-g00 calcined at 400, 650 and 740 *C for 12 h. No major phase 
modifications were found in catalyst calcined at these temperatures, 
except for appearance of small bands due to Fes03, indicating that
cat2-g00 was thermally stable when subjected to high temperatures. 
Examination of the x-ray powder diffraction patterns of reduced and 
deactivated cat2-g48 also revealed no significant changes from the 
original diffraction pattern.
III-3.2 Coprecipitated Catalysts
Figure III—19 presents the x-ray diffraction patterns for fresh and 
calcined catalyst a. Uncalcined catalyst a is nearly amorphous but
bands due to iron tellurate (FezTeOe) are noticeable. These bands
become more prominent as the catalyst is calcined at higher 
temperatures.
III-3.3 Solid State Reaction Catalysts.
As listed previously in Table III—6, the only phases detected in 
catalyst t were FeaTeaOa, o-FesOa, and Te02 (paratellurlte). Catalyst 0 
contained FesTe309 and TeOs while catalyst 5 was essentially FesTeOs 
with trace amounts of Fe203.
Comparison of the X-ray powder diffraction pattern of catalyst 5 
with the simulated powder pattern of Fe2TeOe is shown in Figure III—20. 
The simulated x-ray powder pattern agrees well, both in intensity and 
position of the diffraction bands, with the observed powder pattern
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Figure 111-18 X-ray powder diffraction patterns of catalyst cat2-g00 calcined for 
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indicating that in all certainty Fe2Te06 possesses a trirutile structure. 




Blank runs were carried out to assure that the catalytic properties 
were based on the iron-tellurium and iron-tellurium-selenium mixed 
oxides only. For 1-butene oxidation, a blank run with glass wool at 400 
*C gave 0.3% conversion after a 1 h reaction period.
A similar experiment for propylene oxidation produced only 0.1 torr 
carbon dioxide and no acrolein at 330 *C which corresponds to 0.1% 
conversion. Thus no corrections for homogeneous reaction were made due 
to the insignificant amounts of products in the blank runs.
III-4.2 Reproducibility test.
The yields of CO2 and butadiene versus 1-butene conversion for two 
oxidation runs over catl-gOO at 370 *C in the presence of gas phase 
oxygen is illustrated in Figure III—21. The data for the two runs are 
within 10% which indicates the reproducibilty of the selectivity of this 
catalyst.
III-4.3 Mass-Transfer Limitations.
Figure III—22 illustrates the partial pressure of 1-butene versus time 
in the oxidation of 1-butene at 370 *C by two different sizes of 
cat2-g48, 20/40 and 40/60 mesh. The dlssappearance of 1-butene 
parallels closely in the two experiments suggesting no internal mass 
transfer limitations. Weisz-Prater criterion analysis (Appendix A) for
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Figure 111-21 Yields of C0P and 1, 3-Butadiene versus conver­
sion for twocoxidation runs over catl-gOO at 
370 C in the presence of gas phase oxygen.
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Figure 111-22 1-Butene oxidation over two different particle 
sizes of cat2-g48.
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1-butene oxidation over cat2-g48 at 400 *C is also consistent with no 
internal mass transfer dlffusional limitations. These results are to be 
expected as these catalytic materials are non-porous and global reaction 
rates are not large.
In two runs on the oxidation of propylene at 280 *C over catalyst a 
with different particle sizes, 20/40 and 40/60 mesh, the rates of 
dlssappearance of propylene and rates of formation of acrolein and 
carbon dioxide do not differ significantly (Figure III—23), thus Implying 
negligible dlffusional limitations. The Weisz-Prater criterion analysis for 
propylene oxidation over catalyst a at 310 *G (Appendix A) also 
indicates the absence of any dlffusional limitations.
Ill—4.4 1-Butene Oxidation Reactions.
The conversion at any time was defined as follows:
Conv = 1- PC4/(PC4 +  Piso +  Pbtd +  1/4Pco2)
where Pc4 = partial pressure of 1-butene, Piso = sum of partial pressure 
of cis- and trans- butenes, Pbtd = partial pressure of 1,3-Butadiene and 
Pco2 = partial pressure of carbon dioxide. The yields of butene isomer 
products (Yiso), butadiene (Ybtd) and carbon dioxide (Yco2> were defined 
as:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
134
2 0100-
8 0 -k.L. 2 0 /4 0  mesh -* -  Propyleneo
- -  4 0 /6 0  mesha>
t  6 0 -
v><I) k.Q_
d)
g 4 0 -
Acrolein






0 10 20 30 40 50 60 70 80 90
Time (mins)
Figure 111-23 Propylene oxidation at 270 C over two different 
paticle sizes of catalyst x.



















Yiso = (P iso/( Pibo + Pbtd + 1/4Pco2)) * conv , 
Ybtd = (Pbtd/( Pibo + Pbtd + 1/4Pco2)) * conv , 
and Yco2 = (1/4Pco2/( Pibo + Pbtd + 1/4Pcob)) * conv
respectively. The selectivity to butadiene was defined as:
Sbtd = Pbtd/(Pbtd + 1/4Pco2) * 100
When comparing different catalysts the activity was based on unit 
surface area and evaluated at 4% conversion. Figure III—24 Illustrates 
the conversion-time plot for the oxidation of 1-butene at 370 *C over 
catl-gOO in the presence of gaseous oxygen, water and in the absence of 
gas phase oxygen. The time required for 4% conversion of 1-butene 
under different reaction conditions was obtained from this conver- 
sion-time plot. The yields of various products at 4% conversion were 
obtained from a plot of yield versus conversion. The data for other 
catalysts was obtained in a similar manner.
Activity = (0.04/(ma * s))
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Figure 111-24 Conversion-time plot for the oxidation of 1-Bu- 
tene at 370 C over catl-gOO in the presence of 
gaseous oxygen, water and oxygen, and absence of 
gas phase oxygen.
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Ill—4.4.1 Hydrothermal Catalysts.
III-4.4.1.1 Catl-gOO, Catl-g48, Catl-g62, and Catl-g72 
Catalysts.
Iron tellurium mixed oxide catalysts, catl-gxx (xx=00, 48, 62 and 
72), prepared by the hydrothermal crystallization at high alkalinity were 
found to be active for the oxidation of 1-butene. Tables III-11 gives 
the conversion, activity and yield of products of 1-butene oxidation at 
370 *C over these materials in the presence and absence of gaseous 
oxygen. The catalytic properties of catl-gOO and catl-g48 in the 
presence of gaseous oxygen and water are listed in Table III—12.
Catl-gOO was found to be the most active catalyst with gas phase 
oxygen. The activity of catl-gOO was significantly higher when the 
reaction was carried out in the presence of gas phase oxygen. During 
oxidation in the presence of gas phase oxygen, the yield of butene
isomers and the selectivity to 1,3-butadiene was found to be very low 
(£ 10%). Under this condition, the activity of catl-gOO was reduced by 
grinding in all cases. As the grinding time "xx" was increased the 
activity declined gradually with catl-g72 being the least active catalyst.
However, there was no corresponding change in selectivity to
1.3-butadiene as catl-gOO was ground. The presence of water in the
initial reactant mixture was found to decrease the activity of catl-gOO 
by greater than 60% without causing any improvement in selectivity to
1.3-butadlene or an increase in isomerization products. Water also 
reduced the activity of catl-g48 without affecting selectivity but the 
reduction was less than 45% and there was a slight increase in isomer 
yield.
When the oxidation of 1-butene was carried out in the absence of

















Table 111-11. Effect of grinding on catl-gOO for 1-Butene oxidation in presence and absence of gaseous 

















Catalyst wt*b) 0.9 0.9 1.0 1.0 1.2 1.2 1.5 1.5
Time (mins) for 
4% conversion
7.2 42 14 46 20 44.2 70.0 29.5
(e)Activity ' 7.3 1.3 3.8 1.1 2.6 1.2 0.8 1.8
Yield (C02) 3.6 0.4 3.6 0.5 3.6 0.5 3.7 0.4
Yield (BTD) 0.3 1.9 0.4 1.9 0.4 2.0 0.3 1.9
Yield (Iso) 0.1 1.7 0.0 1.6 0.0 1.5 0.0 1.7
SBTD 8 83 10 79 10 80 8 83
aActivation with 100 torr O at 400 C for 2 h with 0.5 h evacuation; catalyst kept under helium at 
^820 torr. ' 2
Weight corresponds to 12.7 m of catalyst surface area.
^Reactant mixture: 100 torr 02 / 100 torr 1-Butene diluted to 820 torr with helium.
Reactant mixture: 100 torr 1-Butene diluted to 820 torr vpth helium.
Activity = ((Fraction 1-Butene converted to products)/(m * s)) * 10 evaluated at 4% conversion.
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Table 111-12. Effect of water addition on catl-gOO and catl-g48 for 





Time (mins) for 
4% conversion

































aActivation with 100 torr C>2 at 400 C for 2 h with 0.5 h evacuation; 
catalyst kept under helium at 820 torr.
2Weight corresponds to 12.7 m of catalyst surface area.
CReactant mixture: 100 torr O2 / 100 torr 1-Butene diluted to 820 torr
with helium
Reactant mixture: 100 torr 02 / 100 torr 1-Butene diluted to 820 torr
with helium; Approximately 4.8 torr water in initial reactant mixture
0 2 6Activity = ((Fraction 1-Butene converted to products)/(m * s)) * 10
evaluated at 4% conversion.
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gaseous oxygen catl-gOO exhibited high selectivity (> 80%) to
1.3-butadiene. Furthermore, significant amounts of butene isomers were 
also produced. The ground catalysts, catl-gxx (xx=48, 62, 72) also 
exhibited high selectivity (> 80%) to 1,3-butadiene under this condition 
and there was a slight increase in activity of the catalyst which was 
ground for 72 h. However, no significant improvement in selectivity to 
butadiene or yield of butene isomers was observed.
III-4.4.1.2 Cat2-g00 and cat2-g48 Catalysts.
Table III-13 lists the catalytic properties of cat2-g00 and cat2-g48. 
Cat2-g00 was found to be very active with its activity 40% greater than 
that of catl-gOO. In presence of gas phase oxygen, the activity of 
cat2-g48 was lower than that of cat2-g00. However, contrary to the 
case when catl-gOO was ground, there was an increase in selectivity to
1.3-butadlene (from 16% to 43%) for cat2-g48. Water decreased the 
activity of both cat2-g00 and cat2-g48, in fact, the activity of 
cat2-g00 was reduced by greater than 60% without significantly affecting 
the selectivity. There was also a slight increase in isomer yield for 
cat2-g00 but not for cat2-g48. Cat2-g00 calcined at 600 *C gave only 
1% conversion of 1-butene at 400 *C, with zero selectivity to butadiene, 
for a reaction period of 97 mins.
The nature of activity and selectivity of cat2-g00 and cat2-g48 in 
the absence of gaseous oxygen was found to be similar to that of 
catl-gOO and catl-g48.
Catalyst cat2-g48 was further studied in the temperature range 
370-400 *C. At higher temperature, there was a considerable drop in 
selectivity (Sbtd < 10%) when the reaction was carried out in the
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Table 111-13. Effect of grinding and water addition on cat2-g00 and 





* w H20 *d*
-goo
w/o 02(e) ~  (*>) w 0^
Cat2-g48 
w H20 (C  ̂w/o 02<d>
Catalyst w t ^  1.4 1.4 1.4 1.5 1.5 1.5
Time (mins) for 5 
4% conversion
14 51 7.1 21.2 60.1
Activity^ 10.5 3.8 1.0 7.4 2.5 0.9
Yield (C02) 3.0 2.9 0.4 2.1 2.4 0.5
Yield (BTD) 0.6 0.6 1.9 1.6 1.4 2.0
Yield (Iso) 0.4 0.5 1.7 0.3 0.2 1.5
SBTD 11 18 83 43 37 80
clActivation with 100 torr 0^ at 400 C for 
catalyst kept under helium at 820 torr.
2 h with 0.5 h evacuation;
2
Weight corresponds to 12.7 m of catalyst surface area.
Reactant mixture: 100 torr 0 
with helium
/ 100 torr 1-Butene diluted to 820 torr
Reactant mixture: 100 torr O2 / 100 torr 1-Butene diluted to 820 torr 
with helium; approximately 4.8 torr water in the initial reactant 
mixture
0Reactant mixture: 100 torr 1-Butene diluted to 820 torr with helium
f 2 6Activity = ((Fraction 1-Butene converted to products)/(m * s)) * 10
evaluated at 4% conversion.
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presence of gaseous oxygen. The role of gaseous oxygen was further 
examined by varying the oxygen partial pressure. Figures 111-26, 26 and 
27 show the pressure-time plots for 1-butene oxidation at 400 *C over
1.0 g cat2-g48 for different partial pressures of gas phase oxygen. At 
higher oxygen pressures, no isomers were detected and the rate of 
oxygen dissappearance is greater than that of 1-butene. Also, 
significantly higher amounts of carbon dioxide are formed compared to
1,3-butadlene. Even when the oxidation was carried out in a severely 
reducing environment, I.e., when the oxygen pressure is below the 
1-butene pressure, the Initial rate of carbon dioxide formation is high 
up to a time when all gas phase oxygen has been removed. Once the 
gas phase was free of oxygen, the lattice oxygen produced butadiene and 
butene isomers together with small amounts of CO2. In absence of gas 
phase oxygen the primary products are butadiene and butene Isomers.
To examine the effect of temperature on the redox properties of 
cat2-g48, reduction-oxidation experiments were carried out over 
cat2-g48 at 370 *C and 400 *C. Figure III—28 and 29 illustrates the 
conversion-selectivity plots for 1-butene oxidation at 400 *C and 370 *C 
respectively for two consecutive 1-butene oxidation reactions in absence 
of gaseous oxygen with reactivation of the catalyst by oxygen after each 
run. If Te vaporization occurs, a deposit of metallic Te on glass usually 
forms a mirror like film. During reduction, visual observation of the 
glass walls downstream of the reactor indicated that tellurium was not 
lost from the catalyst In any significant quantities. At lower 
temperatures, the activity of the reduced catalyst was substantially 
restored with reoxldation. At higher temperature, the catalyst was found 
to deactivate upon reduction. Since there was no loss of surface area
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Figure 111-25 Pressure-time curves for 1-butene oxidation over
1.0 g cat2-g48 at 400 C in presence of gaseous 
02 (1-butene / 02 ratio 100 / 100 torr) .
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Figure 111-26 Pressure-time curves for 1-butene oxidation over
1.0 g cat2-g4B at 400 C in presence of gaseous 
02 (1-butene / 02 ratio 100 / 10 torr) .
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Figure II1-27 Pressure-time curves for 1-butene oxidation over
1.0 g cat2-g48 at 400 C in the absence of gas 
phase oxygen.






x run 2 0.100
•  run 1




20 40 60 80 100
Time (mins)
Figure III-2B Selectivity-conversion curves for two consecu­
tive 1-butene oxidation runs at 400 C over 1.0 g 
cat2-g48 in the absence of gaseous oxygen; re­
oxidation with oxygen between runs.
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Figure 111-29 Selectlvity-converslon curves for two consecu­
tive 1-butene oxidation runs at 370 C over l.o g 
cat2-g4B In the absence of gaseous oxygen; re- 
oxidation with oxygen between runs.







upon reduction, the loss of activity was not attributed to a reduced 
surface area but to other changes in the catalyst, one of which may be 
a phase separation as evidenced by scanning electron micrographs of the 
deactivated catalyst.
III-4.4.1.3 Cat3-g00 and Cat4-g00 Catalysts.
Cat3-g00 and cat4-g00 were found to be inactive and non-selectlve 
(S b td  < 5%) for the oxidation of 1-butene in temperature range 400 - 
500 *C both in the presence and absence of gas phase oxygen. The 
latter indicates a non-reducible nature of these two oxides. Extremely 
low surface area may be a contributing factor to the poor activity of 
cat3-g00. The probable cause of inactivity of cat4-g00 is discussed 
later.
Ill—4.4.1.4 Solid State Reaction Catalysts.
Table III-14 shows the catalytic properties of catalysts t ,  © and 5 
for 1-butene oxidation at 400 *C. Catalyst t  with presence of free 
Fe2C>3 displayed the highest activity and selectivity. Catalyst © and 5 
exhibited poor catalytic performance.
III-4.6 Propylene Oxidation Reactions.
The conversion for the oxidation of propylene was generally limited 
to less than 12%. The conversion at any time was defined as follows:
Conv = (1- Pc3/(Pc3 + P a c k  + l/3Pcoa)) * 100
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Conv (x) 0.01 0.01 0.01
Time (mins) 85 10 89
Activity0 0.75 5.38 0.69
Y(C02 ) 0.9 0.3 0.9
Y(Btd) 0.1 0.6 0.1
Y(Iso) 0 0.1 0.0
S(Btd) 10 67 10
“ 1.0 g of catalyst
bCatalyst activated with 100 torr O2 diluted to 820 torr
with helium at 400 °C for 2 h with 0.5 h evacuation; 
reactant mixture ; 100 torr O2 / 100 torr 1-Butene 
diluted to 820 torr with helium
cActivity = ({1-butene converted)/ (m2*s) * 10® evaluated 
at 1% conversion
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where Pc3 = partial pressure of propylene, P a c r  = partial pressure of 
acrolein, and P c o r = partial pressure of carbon dioxide. The selectivity 
to acrolein and carbon dioxide was defined as:
Sack =  Pacr/ ( P acr +  l /3 P c o a )  
Scor =  1 /3 P co2 /(P acr +  1 /3 P cor)
and the yields of acrolein ( Y a c r )  and carbon dioxide ( Y a w )  were defined 
as:
Y a c r  = conv * S a c r  and Yco2 = conv * Sco2
respectively.
III-4.6.1 Hydrothermal Catalysts.
Catl-gOO and cat2-g00 were very active for propylene oxidation in 
the temperature range 400 - 500 *C but had zero selectivity to acrolein. 
However, cat2-g00 calcined at 600 *C was inactive for propylene 
oxidation indicating loss of activity of cat2-g00 when calcined at high 
temperatures. Cat3-g00 and cat4-g00 were Inactive for propylene 
oxidation in the same temperature range.
m-4.5.2 Coprecipitated Catalysts.
The specific activity and selectivity to acrolein in the oxidation of 
propylene over catalyst a at different temperatures and catalyst 0 at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
310 *C is shown in Table III-16. Catalyst a was found to be active and 
selective for acrolein production. However, It deactivated very rapidly 
In subsequent reaction runs. Figure 111-30 illustrates the pressure-time 
plots for propylene oxidation at 270 *C for two consecutive reactions. 
The catalyst was essentially totally deactivated after three runs. The 
selectivity to acrolein, however, was not significantly affected by this 
loss of activity. Loss of surface area could cause the loss of activity, 
but as shown in Table III—5, there was a slight increase in surface area 
after the reaction.
Using a fresh sample of catalyst a for each reaction, experiments 
were carried out at different temperatures. Figures III—31 and 32 are 
the Arrhenius plots for the production of acrolein and carbon dioxide, 
respectively. The fractional conversion was limited to less than 12% in 
each use so that initial rates could be estimated and used in the 
Arrhenius analysis. The rates used in the Arrhenius plots are the rates 
relative to the rate at 270 *C. The calculated activation energies are 
17 Kcal/mol for acrolein production and 13.0 Kcal/mol for carbon dioxide 
production.
The decrease in activity of catalyst a for subsequent oxidation runs 
appears to be related to a component loss from the catalyst both during 
activation and oxidation. A white deposit was observed on the effluent 
side of the reactor system during catalyst activation and an addtlonal 
reddish deposit appears during the propylene oxidation reaction. These 
deposits were not analyzed. No such deposits were observed for catalyst 
3.
Catalyst a was further characterized to examine the role of lattice 
and gas phase oxygen. Figure III—33 indicates that carbon dioxide is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Catalyst a: (1.0 g)
Sample #1 310
run #1 10.7 41.0 1.0 9.7 90.7
run #2 2.6 64.3 0.2 2.4 92.3
run #3 1.5 66.0 0.1 1.4 93.3
Sample #2 300
run #1 11.1 62.8 1.2 10.1 91.0
Sample #3 290
run #1 10.3 70.3 1.1 9.2 89.3
Sample #4 280
run #1 10.4 86.5 1.1 9.3 89.4
Sample #5 270
run #1 10.5 121.5 1.3 9.2 87.6
run #2 2.2 122.8 0.2 2.0 90.9
Catalyst 0 (0.37 g)
Sample #1 310 1.5 47.3 1.5 0.0 0.0
‘Weights correspond to 13.8 m2 catalyst surface area; fresh 
catalyst used for each sample; activation at 310 °C for 1 h 
with 100 torr Oa diluted to 820 torr with helium; no eva­
cuation after activation; reactant mixture: 100 torr propy­
lene and 100 torr O2 diluted to 820 torr with helium
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Figure 111-30 Pressure-time curves for propylene oxidation at 
270 C for consecutives runs (—  run 1. —  run 2) 
over 1.0 g catalyst o<.
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Figure 111-31 Arrhenius plot for acrolein production over ca­
talyst Oc rates relative to the rate at 270 C.
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Figure 111-32 Arrhenius plot for carbon dioxide production over 
catalyst o<; rates relative to the rate at 270 C.
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Figure 111-33 Pressure-time curves for propylene oxidation at 
2B0 C over i.O g catalyst <x, in the presence (-— ) 
and absence (— ) of gaseous oxygen.
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produced essentially at the same rate both in the presence and absence 
of gaseous oxygen. The rate of acrolein production Is slightly lower In 
the absence of gaseous oxygen. This indicates that the lattice oxygen 
is primarily responsible for the formation of both the oxidized products.
III-4.5.3 Solid State Reaction Catalysts.
The catalytic properties of catalysts t , 0 and 5 for oxidation of 
propylene are listed in Table III-16. The catalysts were active but had 
very low selectivity to acrolein. The higher activity of catalyst t 
relative to catalyst 0 and 5 is probably due to the presence of free 
a-Fe203. Catalyst 6 was the least active catalyst.
Ill—6 Isotopic Tracer Experiments.
Ill—6.1 “O* - 16Os Exchange Reaction.
Homomolecular exchange reaction of a mixture of 1802 and 1602 was 
carried out over catl-gOO, catl-g48, cat2-g00 and cat2-g48 to evaluate 
the probability of the formation of intermediate forms of oxygen on the 
catalyst surface. Table III-17 lists the distribution of oxygen isotopes 
in the gas phase for the reaction of 60 torr 1802 and 50 torr 1602 diluted 
to 820 torr with helium over these catalysts at 370 *C. Two possible 
reactions can occur in this experiment: 1) 160/180 gaseous exchange and 
2) 180/180 lattice/gaseous oxygen exchange. In all cases, the fraction of 
1802 decreases with time. The fraction of 1602 is found to decrease only 
for catl-gOO and cat2-g00 while no significant decrease in 1602 fraction 
is found for catl-g48 and cat2-g48. Figure 111—34 plots the fraction of 
»Ol80 in the gas phase vs time for the same reaction. The variance of 
the fractions of oxygen Isotopes was too small to be shown in the figure 
due to the scale of the Y-axis. The fraction of 160l80 products
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Table 111-16 Propylene oxidation at 500 °C over catalysts 
v , © and 5“ .
b Propylene Oxidation
G r 6
Conv (x) 0.10 0.10 0.10
Time (mins) 76 12.5 90
Activity0 8.4 43.0 6.9
y (c o 2 ) 9.2 9.7 9.0
Y(Acr) 0.8 0.3 1.0
S(Acr) 8 3 10
a1.0 g catalyst.
bCatalyst activated with 100 torr O2 diluted to 820 torr 
with helium at 500 °C for 2 h with 0.5 h evacuation; 
reactant mixture ; 100 torr O2 / 100 torr Propylene 
diluted to 820 torr with helium
cActivity = ((propylene converted)/ (m2*s) * 10® evaluated 
at 10% conversion
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Table 111-17 Distribution of oxygen isotopes in the gas 
phase for the homomolecular exchange of 
18 Oa and 1 6 O2 at 370 °C over catalysts cat 
1-gOO, catl-g48, cat2-g00 and cat2-g48*




Fraction of oxygen 
1 6 o8 1 6 a 0  1 8 02
Catl-gOO 100.0 0.0 0.467 0.010 0.523
(0.9 g) 30.2 0.469 0.016 0.515
93.0 0.459 0.029 0.512
128.6 0.462 0.032 0.502
Catl-g48 100.3 0.0 0.443 0.010 0.547
(1.0 g) 32.8 0.440 0.014 0.546
94.3 0.439 0.022 0.539
125.0 0.443 0.027 0.530
Cat2-g00 100.1 0.0 0.456 0.010 0.534
(1.4 g) 37.5 0.459 0.014 0.527
92.6 0.451 0.020 0.528
124.7 0.449 0.024 0.526
Cat2-g48 100.8 0.0 0.436 0.010 0.554
(1.5 g) 31.7 0.441 0.011 0.548
92.0 0.437 0.014 0.549
121.3 0.438 0.015 0.547
■Weights correspond to 12.7 m8 of catalyst area; activa­
tion with 100 torr O* at 400 °C for 2 h with 0.5 h evacua­
tion; catalyst maintained under helium at 820 torr; reac­
tant mixture 50 torr 18 Os / 50 torr 16 Os diluted to 820
torr with helium
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Figure 111-34 Isotopic exchange reaction of 1602/1802 mixture 
at 370 C over a) catl-gOO, b) catl-g4B, c) cat2- 
gOO, and d) cat2-g48.
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Increased most rapidly in catl-gOO, while cat2-g48 was the least active 
catalyst for this exchange reaction. Another significant observation was 
that as catalysts catl-gOO and cat2-g00 were ground their ability to 
activate molecular oxygen decreases.
Table III-18 compares the distribution of oxygen Isotopes for a 
similar reaction carried out at 370 *C and 400 *C over cat2-g48. The 
fraction of 1802 decreases with time at both temperatures. Decrease in 
1602 fraction is only observed for the reaction at 400 *C. Figure III—35 
plots the fraction of X80160 versus time and shows that as the 
temperature is increased the rate of formation of 160180 also increases.
III-5.2 «0« / 1-Butene Oxidation.
The fraction of C160l®0, Cl80180, and Cl80180, for a reaction of 15 
torr X802 and 100 torr 1-Butene, diluted to 820 torr with helium over 
catl~g48 and cat2-g48 at different temperature is listed in Table III-19. 
The average number of 180 atoms per molecule of CO2 product versus 
time, for the same reactions, is shown in Figure III-36. The carbon 
dioxide fractions show a binomial distribution indicating that oxygen is 
added in consecutive steps. This is discussed in later sections. The 
average number of oxygen-18 atoms per molecule of carbon dioxide for 
the oxidation of 1-butene over catl-g48 is higher than that compared to 
cat2-g48. Furthermore, for cat2-g48 as the temperature is increased, 
the number of 180 atoms incorporated per molecule of CO2 is also found 
to increase. These data are consistent with increased activation of gas 
phase oxygen over catl-g48 compared to cat2-g48 and over cat2-g48 at 
higher temperature indicated by the results of 1802 - “ 02 exchange 
reaction.
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Table 111-18 Distribution of oxygen isotopes in the gas 
phase for the isotopic exchange of 18 O2 and 








1602 1 6 Q1 8 0 io02
370 100.8 0.0 0.436 0.010 0.554
31.7 0.441 0.011 0.548
92.0 0.437 0.014 0.549
121.3 0.438 0.015 0.547
400 100.7 0.0 0.450 0.010 0.540
33.7 0.451 0.012 0.536
98.7 0.444 0.017 0.535
121.9 0.442 0.019 0.534
“ 1.5 g catalyst; activation with 100 torr O2 at 400 °C for 
2 h with 0.5 h evacuation; catalyst maintained under 
helium at 820 torr; reactant mixture 50 torr 1802 / 50 torr 
16C>2 diluted to 820 torr with helium
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Figure 111-35 Isotopic exchange reaction of 1602/1802 mixture 
over 1.0 g cat2-g48 at a) 400 C and b) 370 C.
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Table 111-19 Distribution of 180 content of carbon dioxide 
in the oxidation of 1-Butene over catl-g48 
and cat2-g48 in the presence of gas phase










Oc 0 2 b
Catl-g48
(0.67 g)
370 16.57 0.0 0.000 0.000 0.000 0.000
28.0 0.432 0.459 0.110 0.679
82.8 0.377 0.469 0.153 0.775
Cat2-g48
(1.0 g)
370 14.48 0.0 0.000 0.000 0.000 0.000
31.3 0.677 0.290 0.033 0.357
52.6 0.622 0.328 0.049 0.427
76.0 0.583 0.358 0.059 0.476
400 15.09 0.0 0.000 0.000 0.000 0.000
25.8 0.570 0.364 0.067 0.498
56.3 0.551 0.371 0.078 0.526
80.9 0.345 0.483 0.172 0.828
“Weight corresponds to 8.4 m8 catalyst surface area; 
activation with 100 torr O2 at 400 °C for 2 h with 0.5 h 
evacuation; catalyst maintained under helium at 820 torr; 
1-Butene 100 torr / oxygen reactant mixture diluted to 820 
torr with helium.
b Average # of 18 0 atoms / molecule of COs













0 .6 0 -
0 .4 0 -
0.20-
0.00-
C at1-g48 370 C
m Cat2—g48 400 C
•  Cat2—g48 370 C
H  1----1----1----1----T"
10 20 30 40 50 60






FlQune 111-36 Average # of oxygen-18 atoms/molecule of carbon 
dioxide in the oxidation of 1-butene with 1802 
over catl-g4B and cat2-g4B.
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III-6 .3  1B0* /  Propylene Oxidation.
To further Investigate the role of gaseous oxygen in the oxidation of 
propylene over catalyst a, 10O distribution in the oxidized products was 
examined using 18Os in the gas phase. Table 111-20 lists the fraction of 
acrolein-180 and the isotopic distribution of oxygen-18 in the carbon
dioxide produced by reacting a mixture of 100 torr propylene and 100
torr 1802 diluted to 820 torr with helium, at 290 #C, over catalyst a.
The low value of the oxygen-18 content in the reaction product 
demonstrates that 160 from the bulk of the oxide primarily participates 
in the oxidation of propylene with respect to both acrolein and CO2 
production. However we do observe an Increase in the fraction of 
oxygen-18 in carbon dioxide and acrolein as the reaction progresses.
This Increasing levelsof 180 in the products is probably a result of 
gaseous 18C>2 incorporation in lattice of the catalyst as the lattice oxygen 
is removed to form the oxidized products.
III-5.4 Perdeuterated Propylene Reaction.
To obtain additional information on the initial step of the propylene 
oxidation, the reaction of perdeuterated propylene was carried out over 
catalyst a. Figure 111-37 compares the acrolein and CO2 pressure-time 
plots for the oxidation of deuterated and non-deuterated propylene over 
catalyst a at 280 *C. The acrolein formation rate shows an isotope 
effect of about 2 whereas no isotope effect is observed for C02.
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Table 111-20 Isotopic distribution of 180 in the products 
of propylene oxidation with gaseous 18 Os over 
catalyst aa
Species 3 1 . 5 6 0 . 0
Time
9 0 . 0 1 2 2 . 8
Ci e o1 8 0 0 . 9 5 2 0 . 9 2 8 0 . 9 3 6 0 . 9 0 3
Cie o1 8 0 0 . 0 4 8 0 . 0 7 1 0 . 0 6 3 0 . 0 9 5
Ci 8 Q1 8 o 0.000 0 . 0 0 1 0 . 0 0 1 0 . 0 0 2
b Oc o s 0 . 0 4 8 0 . 0 7 3 0 . 0 6 5 0 . 0 9 9
c 4>a c r 0 . 0 4 1 0 . 0 5 1 0 . 0 5 2 0 . 0 5 7
“13.8 m2 catalyst area; activation at 310 °C with 100 torr 
Os diluted to 820 torr with helium; no evacuation after 
activation; reactant mixture: 100 torr propylene and 100 
torr 18 Os diluted to 820 torr with helium; reaction 
temperature 290 °C
baverage # of oxygen-18 atoms/molecule of COs
cfraction of acrolein-1 80 in the acrolein mixture
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Figure 111-37 Isotope effect of perdeuterated propylene (C3DS) 
oxidation over catalyst x at 290 C [—  non-deu- 
terated run, —  perdeuterated run].
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IV. Discussion
IV -1 General
The scientific literature offers different explanations for the 
performance of multicomponent oxide catalysts selective for the oxidation 
of propylene to acrolein and 1-butene to 1,3-butadiene. Some 
investigators prefer a correlation between catalytic properties and the 
presence of a well-defined active and selective phase given the fact 
that many compounds such as bismuth molybdate [Callahan et al., 1960], 
Te2MoC>7 [Robin et al., 1975] and MTeMoOe (M=Cd, Co, Mn, Zn) [Forzatti et 
al., 1978] are active catalysts for propylene oxidation to acrolein and 
1-butene oxidative dehydrogenation to butadiene. For multiphasic 
catalysts, Courtine [1985] prefers to relate the catalytic properties to 
interfacial effects between the constituent solid phases.
In this section, the hydrothermal catalysts will mainly be discussed 
with respect to properties of well defined phases (since XRD studies 
indicate the presence of pure phases) while catalysts synthesized by 
solid state thermal reaction are discussed with respect to interfacial 
effects since these catalysts are multiphasic. The coprecipitated 
catalysts, however, are not discussed in light of these generalities but
with respect to other properties of the catalysts, because these catalysts
have shown selective behavior.
IV-2 Hydrothermal Catalysts
Hydrothermal crystallization processes similar to those reported here 
have also been successfully employed in the synthesis of other mixed 
oxides [Lobachev, 1973; Sleight, 1972]. Lobachev [1973] has presented a
detailed account of the various types of mixed oxides that have been
169
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grown by hydrothermal synthesis and the inherent difficulties in this 
process. Single phasic mixed oxides containing tellurium have also been 
grown by this technique [Sleight et al., 1973]. Generally, the apparatus 
used in previous studies was more sophisticated, allowing higher 
pressures and temperatures than those utilized in this study. The 
hydrothermal conditions used here are similar to those which are 
routinely used in the growth of many types of zeolites [Szostak, 1989]. 
The important parameters considered in this process are the pH, 
temperature and time. In the synthesis of zeolites, higher pH is more 
favorable for growth of crystalline material. In the iron-tellurium oxide 
system, lower pH seems to favor greater crystal size growth as evidenced 
for cat2-g00 and cat3-g00. Furthermore, unlike the high surface area 
obtained for zeolites, the mixed oxides prepared by hydrothermal 
crystallization have low surface areas, comparable to those obtained in 
general for mixed oxides synthesized by solid state reaction or 
coprecipitation techniques.
ESCA and MOssbauer spectroscopy are two techniques capable of 
determining the oxidation states of metal cations in mixed oxides 
[Satterfield, 1980]. Daniel et al. [1980] Investigated mixed oxygen 
compounds of tellurium (TeaOo, Te4 0B faTezOB) having various oxidation 
states of this element (-II, +VI). No evidence could be obtained by 
ESCA for two oxidation numbers because of the broadness and overlap of 
the peaks associated with Te +IV and +VI. However, Flrsova et al. 
[1973] using Mdssbauer spectroscopy has obtained evidence for a Te(+VI)
<— > Te(+IV) redox cycle in case of propylene oxidation to acrolein 
over Co-Mo-Te mixed oxide catalysts.
No direct evidence has been obtained for the oxidation state of
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tellurium in catalysts synthesized by hydrothermal crystallization in this 
study but a number of indirect observations exist from which the 
oxidation state of tellurium in catl-gOO and cat2-g00 can be Inferred. 
The white crystalline powder obtained by oxidation of tellurium dioxide 
was identified by X-ray powder diffraction as Na2Te0<c2H20 in which the 
tellurium is in its +VI oxidation state. Thus, Te enters the
crystallization experiment as Te +VI. Additionally, no crystalline 
material was found when the hydrothermal procedure was carried out 
without preoxidation of Te02 to Na2Te04*2H20. These two observations
together with analysis of IR spectra (discussed later) tend to indicate
that tellurium In catl-gOO and cat2-g00 is present in its higher
oxidation state.
IV—2.1 Infrared Spectra and X-ray Powder Diffraction.
For oxidation of hydrocarbons, one type of dehydrogenation site is 
M-0 (metal-oxygen) site with short M-0 distances and displaying a 
double bond character [Batlst et al., 1966, 1967, 1968]. In highly
effective catalysts such as Bi-Mo-O, the high activity for selective 
oxidation of the olefin has often been correlated with the presence of 
cis-Mo=0 groups which give rise to an IR absorption band at 930 cm-1 
[Triflro et al., 1969). It has also been suggested that In the Fe-Sb-0 
catalytic system, the selectivity to desired products in olefin oxidation 
is due to two Sb=0 groups which give rise to an IR band at 843 cm-1 
[Centi and Trifiro, 1986]. The Fe-Te-0 system has not been 
Investigated thoroughly enough to assure correct IR band assignments. 
Some probable assignments may be deduced by comparing the IR spectra 
of catl-gOO and cat2-g00 with Fe2TeOe. The Te(+VI) in Fe2TeOs shows
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two cis Te-0 bonds at 738.8 cm-1 (Bayer, 1962]. The IR band at 734.6 
cm _l in catl-gOO and cat2-g00 catalysts may be due to two such cis 
Te-0 bonds while Te-0 bonds with shorter Te-0 bond distances than 
these cis-Te-0 bonds may have given rise to the IR band at 769.3 cm-1. 
Additionally, the intensity of the IR band at 769.3 cm-1 was observed to 
be significantly higher in a mixed oxide prepared using Te(+VI) (telluric 
acid) as a source and therefore this band appears to be related to a 
Te(+VI) function. Therefore we can assign the IR band at 769.3 cm-1 to 
Te(+VI)-Oxygen functional groups with reasonable certainty.
Loss of the active metal component during catalytic oxidation is an 
important and common characteristic of allyllc oxidation catalysts which 
consist of group VI oxides (Voge and Adams, 1967; Forzatti et al., 1978; 
Ueda et al., 1984]. In particular, Te-based oxide catalysts are 
appreciably sensitive to catalyst reduction compared with other catalyst 
systems because of the low sublimation temperature of metallic tellurium, 
so that vaporization of Te occurs in its reduced state [Forzatti et al., 
1978; Ueda et al.. 1984].
In this study, tellurium loss from the catalyst was judged by visual 
inspection of the glass walls downstream the reactor. No Te loss was 
observed during oxidation of 1-butene over catl-gOO, cat2-g00 and 
associated catalysts while reduction of these catalysts resulted in 
insignificant loss of Te. This observation is important since it signifies 
the stability of the tellurium in these catalysts under either oxidizing or 
reducing environments.
Since there are no significant differences in the diffraction patterns 
of catl-gOO and cat2-g00, both these catalysts have very similar bulk 
crystalline structures. Results of both optical microscopic examination
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and x-ray diffraction lead to the conclusion that cat2-g00 has an 
orthorhomblc symmetry. The successful indexing of powder patterns of 
catl-gOO, cat2-g00 and cat4-g00 catalysts and the fact that the 
original reactants, Na2Te04*2Hs0 or Fe(OH)x, were not present in these 
catalysts (as determined by x-ray powder diffraction) also suggests the 
possibility that these catalysts may be single phasic. Further efforts 
are required in elucidating the single crystal structures of these 
catalysts to prove this conclusion.
Hexavalent tellurium has shown a strong preference for six-fold 
coordination in oxides. Hexavalent tellurium compounds are known to 
possess perovskite, spinel and garnet structures (Bayer, 1963, 1967; Mill, 
1970]. Mill (1970] has reported a brick-red compound of Na3Te2Fe30i2 
with a cubic garnet structure having a lattice constant of 12.39 A. It 
was noted that the compound was not a single-phase garnet and no 
x-ray diffraction patterns were provided. Comparison of the x-ray 
diffraction pattern of cat3-g00 with that of cubic garnets (cadium iron 
germanium oxide and lithium bismuth tellurium oxide) provides some 
clues to the Internal symmetry of cat3-g00. There are reflections in 
both these compounds that are present in cat3-g00 indicating that the 
structure of cat3-g00 might bear close resemblence to that of these 
compounds.
IV-2.2 Oxidation of Propylene
The hydrothermal catalysts are very active for propylene oxidation 
but non-selective to acrolein. These catalysts produce no acrolein even 
in the absence of gas phase oxygen which indicates that there are no
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lattice oxide ions of these catalysts that can produce acrolein, unlike 
bismuth molybdate which produces acrolein selectively even In the 
absence of gas phase oxygen.
IV—2.3 Oxidation of 1-Butene.
IV-2.3.1 Effect of Gas Phase Oxygen.
There seems to be little doubt that oxidative dehydrogenation of 
1-butene over catalysts such as bismuth molybdates involves a redox 
mechanism [Mars and van Krevelen, 1954; Batist et al., 1966] whereby 
the lattice oxygen acts as a primary source of hydrogen abstraction sites 
and the gas phase oxygen merely serves to replenish the oxygen removed 
from the lattice. It is generally believed that gaseous oxygen must be 
converted to either 0~ or 02~ on the surface and possibly even 
incorporated into the lattice before it appears in the oxidation products 
following the general scheme
C>2(ads.) -> 02_(ads.) -> 0"(ads.) -> 08-(lattice)
oxidation products
In the absence of gas phase oxygen, catl-gOO, cat2-g00 and 
associated catalysts are able to convert 1-butene selectively to oxidized 
products which demonstrates that these oxides are reducible and the 
lattice oxide ions of these catalysts are reactive towards formation of
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oxidized products. For example, even at 4% conversion, assuming an 
oxide ion concentration of 1019 atoms/m2, approximately 1.5 layers of 
oxide ions participate in the reaction. Conversions as high as 10% have 
been achieved for these catalysts in experimental runs. Under reducing 
conditions, the activities of catl-gOO and cat2-g00 are nearly identical 
with the catalysts having high selectivities to butadiene such as bismuth 
molybdates [Batist and co-workers 1968, 1967, 1971; Keulks and
co-workers, 1970, 1971] or iron antlmonates [Sala and Trifiro, 1976].
This indicates a similarity in the catalytic nature of the lattice oxide 
ions of catl-gOO and cat2-g00. This observation is not unexpected
since these oxides have similar Fe/Te ratios by EDAX analysis and
similar bulk crystalline structure by x-ray diffraction.
When gas phase oxygen is present, the global activities of catalysts 
catl-gOO, cat2-g00 and associated catalysts are higher compared to the 
oxidation carried out in absence of gas phase oxygen. This comparison 
may not be strictly valid since this is a comparison of reduced versus
oxidized surfaces. However, what is more noticeable is that both the
activity and selectivity of cat2-g00 were higher than that of catl-gOO 
under similar reaction conditions. The activity and selectivity of
cat2-g48 were also correspondingly higher than that of catl-g48. One
possible reason for higher activities of cat2-g00 and cat2-g48, which is 
discussed later, is the influence of the smaller amount of sodium found 
in these catalysts. The reasons for reduced selectivity of catl-gOO and 
catl-g48 are also discussed later.
The activity of oxide catalysts towards the exchange reaction of a 
mixture of “ 02 and “O2 permits one to evaluate the probability of the 
formation of the intermediate forms of oxygen on the catalyst surface
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while the exchange reaction of only 1802 with the oxygen of a solid 
lattice allows one to evaluate the reactivity and the mobility of the 
lattice oxide ions. The exchange reaction of a mixture of 16Oz and ie02 
over single or mixed oxides is a complex process and proceeds according 
to either homomolecular or heterophase exchange (Ozaki, 1977; Che and 
Tench, 1982). For homomolecular exchange the following stages are 
necessary: 1) Adsorption of molecular oxygen with dissociation to atoms 
or ions and 2) migration of adsorbed atoms or ions over the surface. 
Homomolecular exchange is thus characterized by:
1802(g) + 11 — > 18Oads + [1B0] 
1602(g) + [ ] —  > 18Oado + l180] 
lBOads + 16Oada > l80l80
where [ ] is an anion vacancy, [180] and [160] are lattice oxygen species. 
ieoi6o is predominantly formed by the reaction of adsorbed oxygen 
species and its rate of formation depends on the concentration and 
mobility of these adsorbed oxygen species on the catalyst surface. The 
concentration of the adsorbed oxygen species would depend on the total 
number of exchangable sites. Thus, homomolecular exchange does not 
involve lattice oxygen. Heterophase exchange is usually associated with 
a non-dlssociative adsorption [Dzisyak et al., 1962] according to:
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180a(g) + [180l2----> [i80180-J160- — > 180180 + [iBQ]*-
However, another possible mechanism suggested for heterophase exchange 
by Dzizyak et al. [1962] Is the adsorption of oxygen with dissociation to 
atoms or ions, but the desorption, as a result of low concentration or 
mobility of these atoms or ions, takes place predominantly by 
combination with the ions of the oxide lattice to form molecules 
according to:
1802(g) — > 2[l80]ads
18OadB + [160] — > 180180 + [ ] 
18Oada + [ ] — > [180]
where 180180 is primarily produced by adsorbed oxygen activated from the 
gas phase and lattice oxygen. Another version of the above mechanism 
suggested was
1802(g) + [ ] — > l8Oada + [180]
18Oads + [180] — > «»0160 + [ ]
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where the adsorption of oxygen takes place on anionic defects with half 
of the oxygen filling the defects and the other half migrating on the 
surface and combining with the oxygen of the lattice to desorb Into the 
gaseous phase.
Thus both heterophase and homomolecular phase exchange involve 
the activation of gas phase oxygen. If there is no activation of gas 
phase oxygen by the oxide  then no m ixed ioatopes of oxygen will be 
observed in the gas phase when mixtures of 1602 and 1802 are c irc u la te d  
over the oxide as is the case for bismuth molybdenum oxides (Krenkze 
and Keulks, 1970) which are well known selective oxidation catalysts.
Even though the isotoplc exchange reactions of pure 18C>2 with 
catl-gOO, catl-g48, cat2-g00 and cat2-g48 were not performed In our 
study, the possibility of both types of exchange reactions occurlng can 
be inferred by examination of fractions of all three oxygen isotopes
(i6o2, «o180 and “O2) from experiments using 18C>2/1602 mixtures. For the
reaction of 1602/18C>2 mixtures near zero conversion, purely homomolecular 
exchange will result in a decrease in both 1602 and 10O2 fractions with a 
corresponding increase in l60180. On the other hand for purely 
heterophase exchange, the 1S02 fraction will remain constant, the 1S02
fraction will decrease and the 160180 fraction will increase. The relative 
rates of each of the reactions is also governed by stoichiometry. In our 
study, the fraction of l#02 decreases for l802/1602 exchange reactions over 
catl-gOO and cat2-g00 at 370 *C and over cat2-g48 at 400 *C. There 
is no significant decrease in the fraction of le02 with time for the
exchange reaction over catl-g48 and cat2-g48. Hence we can conclude 
that both types of exchange reactions are occurlng simultaneously for 
catl-gOO and cat2-g00 at 370 *C and cat2-g48 at 400 *C while
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heterophase exchange predominantly occurs over catl-g48 and cat2-g48 
at 370 *C.
The low selectivities of catl-gOO and cat2-g00 can be attributed to 
adsorbed forms of oxygen since oxides active for homomolecular exchange 
are thought to be active but non-selective for olefin oxidation [Ozaki, 
1977]. For catl-g48 and cat2-g48, which show only heterophase 
exchange, a different explanation is needed for the observed differences 
in their selective behavior. The rate of formation of l60l90 in general 
will be dependent on the relative concentration of the adsorbed oxygen 
species, 160 and 180, (which in turn will depend on the concentration of 
exchangable sites) and the surface mobility of these oxygen species. 
There may be significant differences in both these factors for catl-g48 
and cat2-g48. However, if we assume that the mobility factor is of 
similar magnitude, then a comparison of the rates of formation of l60l80 
over these catalysts can provide us with an indication of the variations 
of the relative concentration of the adsorbed oxygen species over these 
two catalysts. Since the plot of the fraction of 160180 versus time is 
almost linear in each instance, the slope of this plot gives an 
approximate indication of the concentration of adsorbed oxygen species. 
The slopes for catl-g48 and cat2-g48 at 370 *C are 1.4xl0“« and 
4.2x10“°, respectively, while that for cat2-g48 at 400 *C is 7.4x10“°. 
Thus we would expect the concentration of the adsorbed oxygen species 
over catl-g48 to be higher than that for cat2-g48 which would indicate 
the activity of catl-g48 to be higher than cat2-g48, which is what we 
observe.
The 1BOa/l -butene experiments allow us to determine the role of 
adsorbed oxygen species in the formation of COs. If adsorbed oxygen
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contributes significantly to the formation of CO2 then a large fraction of 
l80 will be found in the CO2 product. For cat2-g48, at 370 *C, the 
average number of 180 atoms per molecule of CO2 is 0.48 while for 
catl-g48 it is 0.78. This leads us to a possible reason for the lower 
selectivity of catl-g48 compared to cat2-g48. The higher fraction of 180 
Incorporated for catl-g48 indicates a higher concentration of adsorbed 
oxygen which can lead to an increased formation of carbon dioxide. 
Another significant observation is that the extent of 180 incorporated in 
CO2 is relatively small compared to a value of 2 (which is the number of 
oxygen atoms per molecule of C02) which Indicates that the CO2 is not 
exclusively formed from adsorbed gas phase oxygen and therefore both 
lattice and gas phase oxygen are responsible for CO2 formation. But 
since, in the absence of gas phase oxygen, the selectivity to butadiene 
is very high (> 95%) it means that the presence of gas phase oxygen 
somehow aids in the activation of lattice oxygen toward deep oxidation. 
Che and Tench [1982] have proposed an idea that a charge transfer of 
the type
is possible for oxidation processes under reaction conditions. A charge 
transfer of this type would surely influence the lattice oxygen mobility 
and therefore could explain the 180 content of CO2 in the 1802/l-butene 
experiments. The low electronegativity of sodium compared to Te and Fe 
would probably inhibit this effect which might also explain the
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differences in selectivities of catl-g48 and cat2-g48 for 1-butene 
oxidation in the presence of gas phase oxygen since cat2-g48 has less 
sodium.
IV.2.3.2 Effect of Sodium.
The possibilities of acid-base properties of oxides affecting both 
activity and selectivity for the production of butadiene by oxidative 
dehydrogenation of 1-butene has been discussed by Ai [1981] and 
Margolis [1973]. Ai studied several mixed oxides with respect to their 
acid-base properties and concluded that for the catalytic action in 
oxidation reactions interpretation of the results required invoking both 
the acid-base properties and the metal-oxygen bond strength of the 
oxides. In particular, for the oxidation of 1-butene to 1,3-butadiene, 
maximum selectivity to butadiene was found to occur for oxides with 
moderate character in both acid and base. Margolis [1973] also stressed 
the importance of both acidic and basic sites for oxidative 
dehydrogenation of 1-butene. Acidic sites were considered essential for 
the adsorption of basic olefin (1-butene) while the adsorbed intermediate 
then was postulated to migrate to a basic site and desorb as a diene. 
The basic sites were also considered to regenerate the active oxygen 
sites.
Participation of cation vacancies in active centers for butadiene 
production has been postulated for improved selectivities of spinel 
T-Fes03 over corrundum a-FesC>3 [Kung et al., 1981]. Cation vacancies 
were postulated to improve lattice oxygen diffusion and thereby further 
enhance catalytic activity by facilitating replenishment of oxygen ions in 
the redox cycle of the catalyst and by maintaining the oxygen insertion
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
centers in an optimum high oxidation state. A study over scheelite 
Pb-Bi-Mo-0 catalyst by Sleight [19771 demonstrated the participation of 
cation vacancies in selective oxidation of propylene to acrolein. Based 
on the evidence presented it was proposed that the cation vacancy 
defects modified the Mo-0 bonds by increasing its double bond 
characteristics. Mo-0 bonds having a double bond character were 
postulated to be more effective hydrogen abstracting sites.
The presence of sodium in catl-gOO and cat2-g00 catalysts probably 
not only modifies the acid-base properties of the catalysts but also 
reduces the total number of cation vacancies which might have been 
present on the surface. The acid sites, surface hydroxyls (Bronsted 
sites) or bridged M-O-M (Lewis sites) could have been rendered inactive 
by the presence of excess sodium. The reduction in the number of acid 
sites and cation vacancies by greater quantities of sodium present in 
catl-gOO compared to cat2-g00 may account for its lower catalytic 
activity than cat2-g00. Besides the iron-tellurium ratio, very high 
levels of sodium may also be responsible for the inactivity of cat4-g00.
There is an additional effect of alkali addition to mixed metal 
oxides. Dzisyak et ai. [1961] studied the effect of alkali metal sulfate 
on the catalytic properties of vanadium pentoxide in isotopic oxygen 
exchange. Addition of small amounts of alkali increased the rates of 
homomolecular and isotopic exchange. Similar results are reported for 
alkali addition to other catalysts [Ozakl, 1977]. The greater rates of 
isotopic exchange on catl-gOO over cat2-g00 may therefore be attributed 
to its higher sodium content.
IV-2.3.3 Effect of Water.
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It has been generally accepted that surfaces of oxides possess anion 
(oxygen) vacancies [Gates et al., 1979]. These vacancies play an
Important role in providing sites for hydrocarbon bonding to the catalyst. 
Over selective USbaOio catalyst, weak and reversible butene adsorption 
was found to occur over isolated anion vacancies [Matsuura, 1974]. The 
adsorption was strong and irreversilble over UO3 and USb03 where pairs 
of anion vacancies were formed.
Many ligands can bind to the cation at these oxygen vacancies. For 
instance, adsorption of water at these sites can reduce the total number 
of sites available for the interaction of the olefin with the catalyst 
surface. Zhiznevskli et al. [1968] found strong inhibition by water in 
the case of propylene oxidation to acrolein over Fe-Te-Mo oxide 
catalysts. The water decreased the rate of both acrolein and carbon
dioxide formation. However, water is not always an undeslred component
in the reaction mixture. In the oxidation of 1-butene over tellurium 
doped molybdates, Forzatti et al. [1978] found addition of steam
increased the isomer yields and decreased the yield of carbon oxides (CO 
and CO2) thereby increasing the overall selectivity to 1,3-butadiene.
In all our observations over catl-gOO, catl-g48, cat2-g00 and 
cat2-g48, gaseous water has inhibited the rate of oxidation of 1-butene. 
This result is similar to Zhiznevskli [1962] and can be interpreted in 
terms of a reduction in the number of anion vacancies available for the 
adsorption of 1-butene.
IV—2.3.4 Effect of Grinding.
Defects, such as anionic and cationic vacancies (discussed earlier), 
play an important role in the catalytic performance of catalysts such as
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bismuth molybdates and tungsten oxides [Grasselll et al. 1976; Haber, 
1986; Courtlne, 1985]. A reduction In the activity of Bl-Mo oxide 
catalysts due to high temperature calcination has been suggested by 
Matsuura and Schult [1972] to result from sintering of anion vacancies.
Reduction of anion vacancies may have resulted in the reduced 
activity of the catl-gxx (xx=48, 62, 72) and cat2-48, compared to 
catl-gOO and cat2-g00 respectively, which has been observed for the 
oxidation of 1-butene in the presence of gas phase oxygen. Another 
type of site which is found to be affected, both for catl-gOO and 
cat2-g00, by grinding is that which gives an infrared band at 769.3 
cm-1. Although, it appears that a band, at a frequency lower than 769.3 
cm-1, develops as a result of the grinding process, the effect of grinding 
on the catalytic properties of catl-gOO and cat2-g00 is not clear. 
The ability of the anion vacancies or Te-0 sites, discussed above, to 
activate molecular oxygen is not clear but since grinding also results in 
a decreased activation of molecular oxygen as observed by 1802/1602 
exchange reactions either of these sites may be contributing (in addition 
to the contribution of sodium) to higher activation of molecular oxygen 
over catl-gOO and cat2-00 resulting in poor selectivity to 1,3-butadiene 
over these catalysts.
IV-2.3.5 Role of Iron.
Mossbauer spectroscopic studies of the Fe-Te oxide catalytic system 
[Shyr and Price, 1984] Indicated that iron did not partipipate in the 
oxidatlon-reductlon cycle during the oxidation of propylene to acrolein. 
Even though the Fe/Te ratio was varied for cat2-g00, cat3-g00 and 
cat4-g00, other complicating factors (e.g. presence of sodium, structural
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differences) make it difficult to determine the role of iron in the 
oxidation of 1-butene over these catalysts. According to Courtlne 
[1985], for single phasic binary oxides to be selective in the allyllc 
oxidation of olefins, both cations must play an active and a different 
role in the oxidation process. For catl-gOO, cat2-g00 and associated 
catalysts there is evidence that suggests the Te is involved in the 
oxidation process but there is no demonstrated participation by iron. 
Since there was no significant deactivation of cat2-g48 when a series of 
1-butene oxidation experiments were carried out without exposing the 
catalyst to severely reducing environment, it is possible that for this 
catalyst Fe stabilizes the +VI oxidation state of Te, which has been 
postulated to lead to selective oxidation properties [Shyr and Price, 
1984; Forzatti and Trlfiro, 1978, 1979, and Grasselll et al., 1984].
IV-2.3.6 Role of Tellurium :
Nature of Active Sites and Mechanism.
Based on the evidence presented, one site involved in the oxidation 
of 1-butene over catl-gxx (xx=00, 48, 62, 72) and cat2-xx (xx=00, 48) 
is related to Te(VI)-0 groups which give rise to an infrared band at 
769.3 cm-1.
For the oxidation of 1-butene in the absence of gaseous oxygen, a 
mechanism which involves a catalyst with mobile lattice oxygen proposed 
by Batlst et al. [1967] over bismuth molybdate catalysts might be 
applicable over these catalysts.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
186
C^He + I ] +  O2- C«H7- + OH- 6
Te6* + C<H7---- > [Te-C4H7]8t 6
[Te-C4H7]Bt + O * - --- > Te4* + M  + OH" + C4H6 7
2 O H -  > O2- + [ ] + H2O 8
2 Te4* + 2 [ ] + O2  > 2 Te6* + 208" 9
where 02“ are lattice oxide ions, [Te-C4H7l8* represents the allyl complex 
of Te(+VI) and the allyl carbanion (C4H7-) and I ] is an anion vacancy 
associated with Te(+VI). The reverse of reaction 5 accounts for the 
production of butene isomers. Furthermore, the destruction of Te +VI 
sites in cat2-g48 by reduction (which is accompanied by a phase 
separation) at 400 *C accounts for its deactivation and the reoxidation 
by reaction 9 probably cannot proceed on the separated phases. As 
discussed earlier, iron may not be participating in the catalytic 
oxidation/reduction cycle and merely provides an environment to stabilize 
Te in its +VI oxidation state but no direct evidence is obtained for its 
involvement in the oxidation of 1-butene.
A similar mechanism may also apply for the oxidation of 1-butene 
over catl-g48 and cat2-g48 in the presence of gas phase oxygen except 
for a difference in lattice oxygen activation as discussed in the previous 
sections. For catl-gOO and cat2-g00 further isotopic exchange reaction 
studies are needed to determine the applicability of this mechanism over 
these catalysts.
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IV—3 Coprecipitated Catalysts
IV-3.1 Oxidation of Propylene
In addition to having good catalytic properties for the ammoxidation 
reaction as reported by Grasselll et al. [1984], the coprecipitated 
Fe-Te-Se oxide (catalyst a) is also active and highly selective for 
propylene oxidation to acrolein in the temperature range 270 - 310 *C. 
The selectivity compares well with selectivities reported for known 
effective catalysts such as bismuth molybdate or uranium antimonates. 
The range of temperature in which catalyst a is effective is lower than 
that for other catalysts. Activation energies for acrolein and carbon 
dioxide production are in agreement with other highly active and 
selective catalysts. For instance, bismuth molybdates have activation 
energies for acrolein production in the range of 14.0 and 20.0 Kcal/mol 
[Hucknall, 1974] compared to 17 Kcal/mol for catalyst a.
The importance of selenium in catalyst a is evident by the kinetic 
experiments; the catalysts which do not contain Se are not selective. 
Selenium oxide is known to promote selective oxidation processes in 
liquid solvent [Behrendt and Gerwarth, 1981]. The reaction of Se02 with 
organic compounds in many cases forms organo-selenium intermediates of 
varying degrees of stability. Most of these intermediates decompose into 
oxidized products, water and selenium during the course of the reaction. 
Furthermore, pure selenium is difficult to oxidize directly by oxygen 
[Behrendt,and Gerwarth, 1981].
Preparation of catalyst a involved coprecipitation of Fe, Te and Se 
cations by ammonium hydroxide and evaporation to dryness of the 
coprecipitated slurry. Thus, all of the Se is Initially Incorporated in the
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mixed oxide. The catalyst was then calcined at 390 *C during its final 
preparative step. Loss of Se02 during this step would explain the 
disparity between the EDAX elemental analysis (0.9/1.0/0.3 Fe/Te/Se) and 
the elemental ratios used in the synthesis (1/1/1 Fe/Te/Se). Further,
the white deposit observed during catalyst activation is most likely 
Se02 since no deposits were observed for catalyst p which contained no 
selenium. Following SeC>2 loss during activation, the appearance of an 
additional reddish deposit during propylene oxidation indicates a 
different species being removed from the catalyst. Since pure selenium 
(See) has a red amorphous form [Behrendt and Gerwarth, 1981], this 
deposit could be elemental selenium which has formed by reduction of 
selenium and vaporized from the catalyst. Analysis of Infrared spectra 
also enables us to justify these arguments as Se02 bands dissappear 
when the catalyst is deactivated. Vaporization may also account for the 
slight increase in surface area of the deactivated catalyst. However, the 
bulk compositions of fresh and deactivated catalyst are comparable. 
This implies that only the top layers of the catalyst experience Se loss 
which results in catalyst deactivation. Furthermore, since the relative
rates of both acrolein and CO2 production decrease with the loss of
selenium, the formation of both these products must involve the
selenium.
In general, if partial oxidation proceeds by the well known Mars-van 
Krevelen mechanism [Mars and van Krevelen, 1964] the efficiency of this 
mechanism is responsible for maintaining the stability of the catalyst. 
It is then apparent that In case of catalyst a, selenium is reduced to its 
elemental state during propylene oxidation and the catalyst is unable to 
reoxidize it rapidly enough to prevent Its reduction and subsequent loss
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due to vaporization. Such behavior of catalysts containing selenium and 
tellurium is often the reason for addition of other components to the
catalysts in order to stabilize these cations in the catalyst [Ueda et al.,
1984; Grasselll et al., 1984]. For instance, Ueda et al. (1984] showed
that for the M-Te-Mo-0 (M=Cd, Mn, Zn] catalytic system, the function of 
the third cation M was to Increase the rate of diffusion of the lattice 
oxide ion which resulted in the suppression of the vaporization of
tellurium from the catalyst during oxidation. The patent by Grasselll et 
al. [1984] reports additional components present with the basic 
Fe-Te-Se-0 catalyst. These components may be necessary to prevent 
selenium loss from the catalyst during both activation and oxidation 
process.
Lattice oxide ions are now widely accepted as being the primary 
source of oxygen that is incorporated in the hydrocarbon (Krenzke and 
Keulks, 1980]. The results of the 1B0 tracer experiments indicate that 
the abstraction of hydrogen to form an allylic intermediate is the 
rate-determining step for the acrolein production over catalyst a. Since 
no isotope effect is observed for CO2, two possibilities can be considered: 
1) CO2 is not formed from the allylic Intermediate or 2) the rate of 
oxidation of acrolein to CO2 is the rate determining step in the formation 
of CO2. However, from the pressure-time plots since dPtWdt at t=0 is 
observed to be greater than zero, CC>2 is also a primary product in this 
reaction and most likely is not formed from the allylic intermediate. 
Following Grasselli's [Grasselll et. al., 1984] suggestions, we propose that 
the two oxidized products originate from different surface species and 
two types of oxygen must be present in the catalyst. Type one of 
oxygen is responsible for acrolein formation and is probably associated
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with the selenium cation. This oxygen aids in the abstraction of 
hydrogen from the hydrocarbon to form an allylic Intermediate. The 
other type, also associated with selenium, is chiefly responsible for 
carbon dioxide production. Direct electrophilic attack on the hydrocar­
bon by this oxygen may result in the scission of carbon-carbon bonds 
resulting in products which are highly susceptible to complete oxidation. 
This is in contrast to other catalysts, such as, Fe-Te-0 (Shyr and Price, 
1984], where both selective and complete combustion products were found 
to be initiated at the same site. Carbon dioxide was thought to form by 
migration of the adsorbed allylic species to other sites.
The probable presence of an Fe2TeO$ phase in catalyst a is 
noteworthy since an earlier study (Shyr and Price, 1984] attributed the 
catalytic properties of the Fe-Te-0 system to the Fe2TeOe phase. 
Although the exact nature of the contribution of this phase to the 
overall catalytic properties remains obscure, it does indicate that 
tellurium is at least partially present in its +VI oxidation state. It 
further indicates that another type of oxygen site may be present whose 
contribution to the oxidation is not yet understood. This result is not 
unexpected since H202 was used to oxidize tellurium dioxide in the 
preparation of this catalyst.
Considering the following set of criteria: (i) the formation of an 
allylic intermediate is the first and rate determining step, (11) the 
mechanism must accomodate reactions either in the presence or absence 
of gaseous oxygen, (ill) both Se and Te are involved in the 
oxidation/reduction cycle and (iv) iron does not participate in the 
oxidation/reduction cycle, the reaction mechanism proposed earlier 
[Grasselll et al., 1984] for ammonoxidatlon of propylene can also be
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applied for the propylene oxidation to acrolein over catalyst a. The 
selenium in this catalyst acts as the hydrocarbon activating site with 
the tellurium cation acting as an oxygen inserting site.
IV—4 Solid State Reaction Catalysts __
IV—4.1 Oxidation of 1-Butene and Propylene
FezTeOn, Fe2Te309 , and Fe2TeOo are binary compounds of iron and 
tellurium that can be found in the phase diagram of the Fe203-Te02 
system [Marinov et al., 1973], In this study, only Fe2Te309 was detected 
in mixed oxides prepared by solid state thermal reaction of mixtures of 
Fe203 and Te02 between temperatures of 400 and 500 *C (catalysts t  and 
0). The single crystal structure of Fe2Te30g has been solved by Astier 
et al. [1976]. The tellurium in this compound is present in its lower 
oxidation (+IV) state. Even though in reality the catalytic properties 
have to be related to the exact composition of the surface rather than 
the bulk phase, since neither catalyst t  nor © show selective behavior, 
Fe2Te3C>9 is probably not an active and selective phase for propylene or 
1-butene oxidation. This is also an example of a catalyst in which Te 
(+IV) is not an active site for propylene or 1-butene oxidation. 
Interfacial effects between solid phases present in multlphasic oxide 
catalysts are considered to play an important role in the selective 
oxidation processes [Courtlne, 1985]. For the multlphasic catalysts, 
investigated by Shyr and Price [1984], containing both Te(+IV) and 
Te(+vi) these effects may have contributed to the catalytic properties of 
the Fe-Te oxides investigated. However these same effects do not 
contribute to the catalytic properties for catalysts t  and © which are 
also multlphasic but contain only Te(+IV) and lack a Te(+IV) / Te(+VI)
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solid interface thus resulting in poor catalytic behavior.
However, Fe203 shows very good activity but poor selectivity to 
acrolein for propylene oxidation [Trifiro et al., 1976] so that It seems 
reasonable to relate catalytic activity of catalyst r to the presence of 
the iron oxide. The catalytic properties of catalyst 5, which contains 
FezTeOc, may have been adversely affected due to the extremely high 
temperatures used in the synthesis of this phase. High temperatures 
may have resulted in sintering of active sites rendering the solid 
ineffective as a catalyst, although there are other rutlle and trirutile 
structure-type antimony containing catalysts which, even though 
synthesized at high temperatures, are known to possess good properties 
for allylic oxidation of olefins JCenti and Trifiro, 1986]. Therefore, the 
catalytic capabilities of Fe2TeOs still remains obscured.
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V. CONCLUSIONS AND RECOMMENDATIONS
V—1 Conclusions.
The conclusions from the study of various catalysts are 
categorized separately and a few recommendations are 
suggested for further studies.
V-l.l Hydrothermal Catalysts.
1 Evidence suggests that Te in catl-gOO and cat2-g00 is in 
its +VI oxidation state, and since these catalysts are 
the most selective of those studied, Te(-fVI) appears to 
be a favorable condition for selective behavior.
2 Grinding catl-gOO and cat2-g00 in a ball mill did not 
change the bulk crystallographic structure or influence 
the surface area significantly. However, IR spec­
troscopy showed that there was some modification of the 
Te«0 character upon grinding which affected the 
catalytic performance of these catalysts.
3 Over catl-gOO, catl-g48, cat2-g00 and cat2-g48, isotopic 
exchange reactions (iaOs/1'Os) indicated the possible 
formation of reactive forms of adsorbed oxygen.
4 The selectivity to butadiene of cat2-g00 and cat2-g48 
was found to depend on the ability of the catalyst to 
activate molecular oxygen. A greater ability for the 
activation of molecular oxygen results in a reduced 
selectivity.
193
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5 Sodium, found in catl-gOO and cat2-g00, has a twofold 
influence on the catalytic properties: (a) It reduces 
the activity of catl-gOO compared to cat2-g00 (b) It 
increases the rates of isotopic exchange of 18 O2 / 10 O2 .
6 Water inhibits the oxidation of 1-butene over catl-gOO, 
catl-g48, cat2-g00 and cat2-g48 without a significant 
increase in selectivity. This is probably due to the 
reduction in the number of anion vacancies available for 
1-butene oxidation from adsorption of water on these 
anion vacancies
7 Reduction of cat2-g48 at 370 and 400 °C does not result 
in significant atomic position changes of the cations in 
the lattice. Therefore cat2~g48 is stable under 
reducing conditions.
8 There are at leas4 two distinct types of sites on 
catl-gOO and cat2-g00. Type I sites give rise to an IR 
band at 769.3 cm- 1 . Type II sites are lattice O2- ions 
which produce butadiene and CO2 in the absence of gas 
phase oxygen.
V-1.2 Coprecipitated Catalysts
1 The Se in catalyst a acts as the hydrocarbon activating 
site.
2 The Te in catalyst a is in its +VI oxidation state.
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3 In catalyst a only the top few layers are involved in 
the oxidation of propylene to acrolein and the loss of 
Se near the surface results in catalyst deactivation.
4 Two distinct sites, both associated with Se, are present 
on catalyst a; one forms acrolein and the other COs.
V-1.3 Solid State Reaction Catalysts.
1 Catalyst e, which contains FeaTeaOg and Te02 , is not
active for 1-butene or propylene oxidation in the
temperature range 400 - 500 °C. This multiphasic
catalyst lacks Te(+VI)/Te(+IV) solid interface which 
might be the reason for its poor activity.
2 Catalyst 5, which contains Te(+VI) in the form of
Fe2 Te0 e, synthesized at high temperature is not active 
for the oxidation of 1-butene. Sintering of active 
sites as a result of high temperature preparation may be 
the reason for its poor catalytic performance.
V-2 Recommendations.
The following recommendations are provided which may
lead to further clarification of the role of tellurium and
selenium in selective oxidation catalysts.
1 Incorporation of sodium in the catalysts preparared by 
hydrothermal crystallization may be avoided by use of 
telluric acid as a source of Te +VI. Studying materials 
void of sodium would help define its role more clearly.
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2 A change in the preparative conditions (i.e. temperature 
lower than 180 °C) used to synthesize phases of 
iron-tellurium mixed oxide may result in different 
crystalline structures which can be studied. There was 
some evidence that oxides prepared at lower temperature 
(150 °C) were of different crystalline structure and had 
a considerably higher surface area (>30 m2/g). These 
catalysts were not investigated in this study.
3 The acid-base properties of catl-gxx (xx=00, 48, 62, 72) 
and cat2-gxx (xx=00 and 48) should be investigated. 
This would provide further information on the effect of 
grinding on the surface properties of these oxides.
4 The role of the second component in M-Te oxide system 
should be investigated by using other transition metal 
oxides such as Co or Cr. There are tellurium compounds 
of these elements in which the tellurium is in the +VI 
oxidation state.
5 Since industrial catalysts are generally supported on 
high surface area supports such as A I 2 O3 or Si02 , the 
influence of the support on the stabilization of Se4 * in 
Fe-Te-Se mixed oxides should also be investigated.
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Appendix A.
Calculation of Effectiveness Factor.
Reactor Volume, V r : 700 cc
Particle Size, R : 0.063 cm (average of
20-40 mesh particles) 
Initial Condition : 100 torr hydrocarbon, 100
torr O2 , 620 torr He
According to Weisz-Prater Criterion
((rv )o bs xL2 ) / (Do xC8 8 ) = O = fl0 2
where
rv = observed reaction rate 
L = characteristic particle size
= R/3 for a spherical catalyst pellet 
R = radius of the pellet
Db = effective diffusivity
Cs8 = surface concentration
n = effectiveness factor
0 = Thiele modulus
if 0 << 1, there is no pore diffusion limitations
1. 1-Butene reaction over Cat2-g48
Catalyst Wt., : 1.0 g
Void Volume, V0 : 0.23 cc/g
Bulk density : 2.16 g/cc
Surface Area, Sg : 8.4 m2/g
Initial Rate, 1-Butene
at 400 °C over Cat2-g48 : 4.322 x 10-7 mols/s
Surface composition of 1-butene:
Cb 8 = P/RT = 5.381 x lO-6 mols/cm3
The observed rate:
rv = r<>/Vpeiiet , ro = initial rate 
Vpeiiet = 1.0/2.16 = 0.463 cm3
rv = (4.322 x 10-7 )/(0.463)
= 9.334 x 10-7 mols/cc
Assuming a spherical catalyst pellet of radius R
L = ((0.063)/2)/3 = 0.015 cm
Average pore radius
r = 2xVg/So = 0.0548x10-“ cm
204
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The bulk diffusity can be estimated by the Chapman Enskog equation,
Da,b =  (0.001858X(T3 x ( 1 / M a + 1 / M b ) ) *  ) / ( P o a b  2 Q d )
where Da,b [=] cm2 sec-1, T [=] K, Ma and Mb [=] molecular weights, P [=] atm, oab = collision integral [=] A, and Q d is a dimensional function of T and the Lennard-Jones parameters oab and eab
In using this equation, the physical properties of B were defined as that of oxygen/helium mixture.
T = 643 K
Ma = 56, Mb = 5.3P = 1 atm
o a b  = 3.799
Q d = .8456
D a .b = (0.001858x(6433 x (1/56+1/5.3))*)/(14.43x.8456)= 1.674 cm2/s
The Knudson diffusivity
Dk = 9.7 x 10a r T/Ma
where r is the average pore radius r = 0.0548 x 10"4 cm 
Dk = 0.2406 cm2/s
The effective diffusivity can then be estimated as
D« = (1/Dab + 1/Dk)"1 (eo/t)
where r is the tortuosity factor which was assumed to be 3
De = (1/1.674 + 1/.2406)"1(.23/3)= 1.613 x 10"2 cm2/s
Substitution of the forgoing values into the Weisz-Prater Criterion gives
<t> = (9.334 x 10"’ (0.015)2 ) / (1.613 x 10"2 (5.381 x 10"6))= 0.00242
Since 0  << 1 there is no mass transfer limitation.
2. Propylene reaction over Catalyst a
Catalyst Wt., : 1.0 gSurface Area, S0 : 13.8 m2/g
Assuming void volume and bulk density of catalyst a
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to be approximately that of cat2-g48 
Initial Rate, Propyleneat 310 °C over catalyst a  : 3.63 x 10-7 mols/s 
Cs8 « P/RT = 5.381 x 10-6 mols/cm3 
The observed rate: 
rv = To /Vp e I 1 e t
Vpeiiet = 1.0/2.16 = 0.463 cm3
rv = (3.63 x 10-7)/(0.463)= 7.84 x 10“7 mols/cc
Assuming a spherical catalyst pellet of radius R
L = ((0.063)/2)/3 = 0.015 cm
Average pore radius r = 0.0167 x 10“4 cm
The bulk diffusity can be estimated as before by the Chapman Enskog equation,
D a . b =  (0.001858X(T3 x ( 1 / M a + 1 / M b ) ) * ) / ( P o a b  2 Q d )
T = 643 K
M a  = 42, M b = 5.3P = 1 atm
oab = 3.749
Q d = .8037
D a . b = (0.001858x(6433 x(1/42+1/5.3))*)/(14.055x.8037) = 1.236 cm2 /s
The Knudson diffusivity
Dk = 9.7 x 103 r T/Ma
where r is the average pore radius r = 0.0167 x 10“4 cm Dk = 0.0590 cm2/s
The effective diffusivity can then be estimated as
D. -  ( 1 /D ab + 1 /D k ) “ 1 (e./t)
where t is the tortuosity factor which was assumed to be 3
D. - (1/1.236 + 1/.0590)-1 (.23/3)■ 4.317 x 10-3 cm2/s
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Substitution of the forgoing values into the Weisz-Prater Criterion gives
0 = (7.84 x 10-7 (0.015)2 )/(4.317x10-3 x (5.381x10”6))= 0.00759
Since <D << 1 there is no mass transfer limitation.
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